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ABSTRACT 
Fully-welded connections for earthquake resistance of steel frames are costly and their 
performance is adversely affected by weld defects and low-cycle fatigue. An alternative to welded 
connections is the bolted top and seat angle connection. The latter configuration can be designed to 
exhibit moment capacities that are lower than both the connected beams and columns. Such ‘partial 
strength connections’ provide attractive seismic design features by alleviating the overstrength 
requirements that codes impose on column design, to ensure a weak beam-strong-column 
performance. Towards this end, an experimental program was initiated at the University of Illinois, as 
described below. 
Full-scale hybrid simulation of a semi-rigid steel frame is conducted and its ductility and drift 
ratios are studied. The experimental component of the simulation comprises a beam-column 
subassembly with top and seat angle with double web angle connection and is instrumented to measure 
moment-rotation characteristics, as well as strains on the individual angle plates and slip of bolts.  The 
simulation setup and software is described in detail.  Simulation results are presented including story 
drift and base shear time histories.  In addition, the moment-rotation diagrams from the hybrid 
simulation and cyclic testing are presented.  Finally, a phenomenological model based on the Bouc-Wen 
formulation is fitted to the moment-rotation data.  The model is suitable for extensive parametric 
studies on the type of connection tested, to guide future large scale testing and to derive design 
guidance. 
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1. INTRODUCTION 
Natural disasters like floods, tornadoes, and earthquakes are extreme events that cause severe 
damage to the infrastructure of modern society.  Natural disasters often have detrimental effects on the 
people that experience them, causing them bodily harm, traumatizing them psychologically, or 
damaging their property.  It is often difficult to predict natural disasters, so regions that are at risk of 
experiencing natural disasters have to prepare in advance.  The modern United States society tries to 
prepare for natural disasters by emergency response preparedness and planning, as well as designing a 
community’s infrastructure to minimize the impact of the disastrous event.  In particular, specific 
regions of the United States are recognized to be at significant risk of experiencing earthquakes, and the 
infrastructure of the communities in those regions is designed to help cope with seismic events.  The 
infrastructure of a community includes the buildings, highways and roads, electricity, water, and other 
services that the community depends upon to recover quickly from a devastating seismic event.  The 
Northridge Earthquake, which occurred on January 17, 1994 and was located 20 miles to the west-
north-west of Los Angeles, California, is a good example of the effect of earthquakes on a United States 
society.  The Northridge Earthquake caused approximately $20 billion in direct damage to the affected 
region in southern California and caused the death of 57 people.  The Northridge Earthquake of 1994 
motivates societies that are at risk of experiencing severe seismic events to prepare so that the harmful 
impacts of the earthquakes can be mitigated. 
1.1.  Northridge Earthquake 
The Northridge Earthquake occurred on January 17, 1994 at 4:31 am Pacific Standard time.  The 
seismic event was Mw = 6.7 magnitude, located 20 miles west-north-west of downtown Los Angeles, 
California.  The Northridge Earthquake occurred following 17 other moderate earthquakes in the region, 
ranging in magnitude from Mw = 4.8 to 6.7, since the year 1920.  The Northridge Earthquake did not 
cause any surface rupturing; in fact, only one of the 17 other earthquakes caused a surface fault, the San 
Fernando Earthquake that occurred in 1971.  The Northridge Earthquake was the same magnitude as 
the San Fernando Earthquake, the strongest until 1994, but was more damaging because of its stronger 
ground shaking and nearness to population centers (Hauksson and Jones 1995).  The nearest strong 
motion record of the earthquake was 3 miles south of the epicenter, and recorded repeated horizontal 
accelerations over 1 g for 7 to 8 seconds, with a peak horizontal ground acceleration of 1.9 g (Shakal et 
al. 1995). 
 The Northridge Earthquake and the resulting damage had significant impacts on the people in 
the surrounding area, causing a serious disruption to their daily lives.  At the time of the earthquake, the 
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economy in California was at levels comparable to the Great Depression.  The population of 8,863,000 
people in the Los Angeles area was a diverse mix of Anglo (57%), Hispanic (21%), African-American and 
Asian-Pacific Islanders (11%).  Immediately following the earthquake, an outbreak of altruism occurred 
in the population, with volunteers helping in the search and rescue efforts.  The death toll from the 
earthquake was 57, of which 19 were heart attacks attributed to the earthquake.  16 people were killed 
when an apartment complex collapsed.  The estimate of the non-fatal injuries related to the earthquake 
was about 11,846 people (Tierney et al. 1995).  The industry in the affected region was also severely 
affected, since over 200,000 workers are employed at manufacturing plants and 850,000 individuals are 
employed in the business, professional, and financial services, within a 20 mile radius of the earthquake 
(Roche et al. 1995).  Many of these plants and professional services were only able to work in a limited 
manner, affecting the industries to which they supplied goods and services.  The direct economic loss of 
the Northridge Earthquake is difficult to establish.  However, lower bound estimates, based on 
insurance claims, were that the earthquake caused $24 billion in damage, although estimates as high as 
$44 billion were hypothesized (Eguchi, Chang and Seligson 1998).  The direct economic loss is relatively 
simple to compute, if contrasted with indirect economic losses, which are losses related to lost 
production time or loss of customers as they find other ways of receiving their products.  The indirect 
economic losses of the Northridge Earthquake were undoubtedly very severe.  Thus, the Northridge 
Earthquake devastated a region that was already struggling economically, resulting in at least $24 billion 
in direct losses and causing the death of 57 individuals and harming at least 11,846 others. 
 Societies frequently affected by earthquakes try to cope with the seismic risk by preparing the 
infrastructure that supports their way of life to be earthquake resistant.  A particular component of 
seismic risk mitigation is the seismic design of buildings.  The structures designed in the vicinity of the 
Northridge Earthquake were designed to sustain seismic events safely.  As noted above, 16 people were 
killed when an apartment complex collapsed.  Collapse of structures is a limit state that is not allowed in 
seismic design, because of the very significant risk of death that structural collapse creates.  Thus, the 
structures in California, and other regions of high seismic risk, are designed to sustain earthquakes in a 
ductile manner, allowing some damage but absolutely avoiding collapse.  The Northridge Earthquake 
caused significant structural damage.  In the city of Los Angeles alone, 86,000 structures were inspected, 
of which 60 were tagged as imminent hazards and 1000 were marked for demolition (Tierney, et al. 
1995).  The structural system popularized as the most efficient and safe in resisting earthquakes was 
called the steel moment-frame.   After the Northridge Earthquake, steel structures were examined and 
most of the structures were cleared for re-occupancy after clean up.  No major structural damage or 
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instability was found during the initial inspections, and the favorable seismic behavior of steel frames 
was publicized.  However, some steel structures were re-examined, and when the cladding covering the 
main structural system was removed, fractures were found in the connections of the structures 
(Bertero, Anderson and Krawinkler 1994).  The damage to the steel structures was unexpected, and 
caused significant concern that such unexpected damage occurred.  “The 17 January 1994 Northridge 
earthquake produced a brittle form of failure in the supposedly ductile steel moment-resisting frames… 
All the engineers interviewed, without exception, stated that they had not anticipated that steel 
moment-frames would crack in a brittle fashion rather than deforming plastically” (Gates and Morden 
1996).  The Northridge Earthquake caused unexpectedly severe damage to structures designed to be 
safe under even severe seismic events.  The unexpectedly poor behavior of the steel moment-frames 
during the Northridge Earthquake motivates further study to find structural systems that are simple and 
cheap to construct, while ensuring safe behavior during a severe seismic event. 
1.2.  Motivation for Current Study 
The current study is motivated to experimentally and analytically investigate the seismic 
behavior of semi-rigid steel frames as an alternative to moment-resisting steel frames, which behaved 
poorly during the Northridge Earthquake.  The steel frames in the Los Angeles area showed brittle 
behavior during the seismic event, fracturing primarily at the connections of the frame during the cycles 
of the earthquake.  Among the flaws in the design of the connections, the ductility demands at very 
localized regions of the connection was overlooked, resulting in brittle fractures at these locations when 
the ductility capacity of the material was exceeded.  In general steel is a ductile material, deforming 
inelastically to very large strains beyond the yield strain of the material, so the brittle fracture in the 
material was unexpected.  In developed new connection details, the suggested semi-rigid connections 
would ensure ductile behavior in the connection, avoiding the brittle fractures observed during the 
Northridge Earthquake.  These ductile semi-rigid connections are proposed as an alternative to common 
moment-connections, creating safer structures for seismic events like Northridge Earthquake. 
1.1.1. Problem: brittle fracture of steel frame connections 
The most common problem observed during inspections of the steel structures affected by the 
Northridge Earthquake was brittle fractures at the connections between the beams and the columns.  
The connections were designed to deform in a ductile fashion, developing large inelastic deformations in 
the beam in order to dissipate seismic energy safely.  However, the steel material around the weld 
between the flanges of the beam and the column fractured before the beam was able to deform 
inelastically.  Cracks grew in the steel material from the fracture locations, sometimes resulting in 
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complete severing of the column flange, in the most extreme cases.  Damage to the column is 
unacceptable, since the columns carry the gravity loads of the structure.  If a column is damaged, the 
entire structure can become unstable, even collapsing.  Even if the column is not damaged, the fractures 
at the connections resulted in significant losses of strength at the connection, forcing the structure to 
transfer loads to other members, probably exceeding their strength and causing a propagation of 
damage.  Therefore, fracturing in beam to column connections during a seismic event is an unacceptable 
condition. 
1.1.2. Cause: ductility demand of connection components 
Ductility is a measure of the capacity of a material or structure to deform inelastically beyond its 
elastic limit (Elnashai and DiSarno 2008).  The connections used for the steel moment-frames in the 
Northridge Earthquake were unable to deform beyond their elastic limit, resulting in early brittle 
fractures at the connection.  The brittle fractures resulted in an immediate loss of stiffness and strength 
at the connection, possibly leading to instabilities in the structure.  Further, the non-ductile behavior of 
the connections made the structures vulnerable to a second seismic event, since the damaged 
structures could possibly collapse if a second seismic event occurred. 
1.1.3. Solution: semi-rigid steel connections 
The solution explored in the current study is the use of semi-rigid steel connections, which are 
designed to deform in a ductile fashion during a seismic event.  The connections are designed so that 
each element of the connection has high ductility capacity, so that any ductility demands imposed on 
the connection during the earthquake can be satisfied.  The ductile behavior of the connection would 
allow for energy dissipation in the connection regions without endangering the safety of the entire 
structure.  By avoiding brittle fractures and ensuring ductile behavior, semi-rigid frames may be able to 
provide an economical structural system for regions with high seismic risk. 
1.2.  Overview of Thesis 
The current study seeks to understand the seismic behavior of semi-rigid steel frames, in order 
to discover if they are a structural system that could be used in regions of seismic risk.  Semi-rigid frames 
are not widely accepted yet, since they are more difficult to design and analyze than more common 
moment-frames.  In general, semi-rigid frames are at a disadvantage because their seismic behavior is 
not well understood.  In this study, semi-rigid frames are studied in a unique fashion by using hybrid 
simulation to conduct a full-scale study of a semi-rigid frame subjected to a seismic event.  The 
particular semi-rigid connection detail studied is the top and seat angle with double web angles detail.  
An overview of the study is provided in the following sections. 
5 
 
Chapter 2 presents a literature review of the seismic design of steel frames, beginning with 
seismic design of steel moment-resisting frames in California and following the trends until modern 
seismic design, giving context to the current study of semi-rigid steel frames.  Section 2.1 examines 
some of the literature from before the Northridge Earthquake, setting the context for the accepted 
design concepts used prior to the Northridge.  Section 2.2 considers some literature that details the 
unacceptable seismic behavior of the frames during the Northridge Earthquake, describing how the 
structures initially appeared to have behaved well, but that fractures at the moment-connections were 
soon found.  The fractured connections made the structures unsafe in the event that another significant 
seismic event occurred, potentially leading to collapse of the frames.  Section 2.3 describes the resulting 
studies of the moment-frames, which sought to understand why the frames behaved unfavorably during 
the earthquake.  Through analytical studies and component tests of the connections, the researchers 
discovered that the moment-connection detail created large inelastic demands that exceeded the 
capacity of the material in key locations.  Thus, the ductility demand at key locations exceeded the 
available ductility capacity.  Further, the researchers discovered that the connection was difficult to 
repair, since the connection had to be retrofitted to achieve adequate seismic performance.  Section 2.4 
studies some of the available literature on semi-rigid steel frames, seeking to understand the seismic 
behavior of semi-rigid frames from component studies, analytical studies, and experimental studies.  
The literature indicates that semi-rigid frames can have more favorable seismic behavior, attracting 
lower seismic forces and receiving less damage than rigid frames.  Also, the connection details for semi-
rigid frames show more consistent ductile behavior than popular moment-connections used during the 
Northridge Earthquake.  Section 2.5 identifies some key gaps in the literature, which the current study is 
suited to help to supplement.  Full-scale testing of semi-rigid steel frames is relatively limited, so the 
current study uses the hybrid simulation technique to conduct a full-scale seismic study of a semi-rigid 
frame.  The instrumentation setup for the current study supplies detailed information about the local 
connection behavior during the earthquake, helping to assess the suitability of the connection detail for 
seismic events.  Also, an accurate analytical model of the connection is developed in the current study to 
allow researchers to study the global behavior of the semi-rigid frames under a variety of seismic events.  
Chapter 2 provides the context for studying semi-rigid steel frames, as an extension from lessons 
learned from the unfavorable seismic behavior of steel frames during the Northridge Earthquake. 
Chapter 3 introduces the experimental setup used to test the top and seat angles with double 
web angles connection.  Section 3.1 briefly describes the full-scale hybrid simulation testing technique, 
motivating the benefits of using this testing technique to measure and test the seismic behavior of semi-
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rigid frames during a seismic event.  Section 3.2 focuses on the physical component of the testing setup, 
describing in detail the instrumentation used to measure and collect data during the simulation.  The 
section on instrumentation introduces the instrumentation plan and describes the validation techniques 
for ensuring that all the sensors were operating correctly, prior to executing the actual experiment.  
Chapter 3 describes the hybrid simulation environment used to investigate the seismic behavior of semi-
rigid steel frames, showing the analytical and experimental aspects of the study. 
Chapter 4 describes the software required to implement hybrid simulation testing of semi-rigid 
steel connections.  Section 4.1 gives an overview of the software platforms used, including the UI Simcor 
program, the LBCB Plugin, and the Operations Manager.  After describing these programs briefly, 
Sections 4.2 and 4.3 concentrate on two important aspects of the LBCB Plugin.  Thus, in the Section 4.2, 
the external control system required for precise control of the displacements of the specimen is 
introduced.  Section 4.3 describes the coordinate transformations performed by the LBCB Plugin, where 
the absolute displacements of three control points are condensed into relative displacements of two 
control points.  Section 4.4 shows results from a dry run of the entire control system, validating the 
communication and accuracy of the control system and the various software platforms.  Chapter 4 is an 
overview of the software platforms required to implement hybrid simulation testing of the semi-rigid 
frame. 
Chapter 5 presents the experimental results from the hybrid simulation of the semi-rigid frame 
and also results from the post-simulation cyclic testing of the experimental specimen.  The hybrid 
simulation successfully completed 6.42 seconds of the Loma Prieta Earthquake, with a peak ground 
acceleration (PGA) of 0.26 g’s.  The length of the testing was sufficient to record the response of the 
semi-rigid frame to the most severe parts of the earthquake record.  After the hybrid simulation was 
terminated, the experimental specimen was tested cyclically, to gather further data about the semi-rigid 
connection behavior, especially under large rotational demands.  Section 5.1 introduces the selection of 
the Loma Prieta Earthquake record and modifications to the record to make it suitable for the hybrid 
simulation.  Then the cyclic loading protocols are described.  Section 5.2 presents experimental 
observations as the testing was being conducted, for both the hybrid simulation and the cyclic testing.  
Then post-processed results of the raw data are presented in Section 5.3.  The section is broken down 
into three parts, with Section 5.3.1 presenting time history results of the frame, including story drift and 
base shear results, for the hybrid simulation test.  Section 5.3.2 shows moment-rotation results, for both 
the hybrid simulation and the cyclic testing.  Section 5.3.3 briefly describes failure mechanisms that 
were observed in the experiment.  The experimental results show local connection behavior, especially 
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in the moment-rotation behavior of the semi-rigid connection, and global frame behavior, such as frame 
sway and base shear.  The hybrid simulation testing of the semi-rigid frame and careful instrumentation 
of the physical substructure resulted in a data set that provides a very thorough study of the behavior of 
semi-rigid steel frames subjected to a seismic event. 
The analytical modeling component of the current report consists in developing a mathematical 
description of the moment-rotation relationship that would be suitable for the dynamic analysis of a 
planar frame.  Therefore, Chapter 6 introduces the Bouc-Wen model, providing a simple yet accurate 
phenomenological model of the connection that can be adapted to time history analysis.  In Section 6.1, 
a brief history of the Bouc-Wen model is provided, introducing some significant applications of the 
model in engineering applications.  Then Section 6.2 introduces the details of the Bouc-Wen hysteresis 
model, showing the form of the governing differential equation and describing the terms that influence 
the hysteretic model’s response.  The original Bouc-Wen model does not include the capability of 
modeling degrading systems, which exhibit stiffness and strength reduction, as well as pinching of the 
hysteresis loop.  Therefore, Section 6.3 describes modifications implemented in literature to model 
stiffness and strength degradation, as well as pinching.  Section 6.4 briefly describes the numerical 
implementation of the model, using the MATLAB tool SIMULINK, and presents data that validates that 
the hysteresis model was implemented correctly.  After validating the model, Section 6.5 describes the 
calibration of the Bouc-Wen model to the experimental data, and shows the final fit of the analytical 
model to the raw experimental data.  The Bouc-Wen model provides a relatively simple hysteresis 
model that can be fitted to experimental data to provide a phenomenological model of the connection 
that could be useful for dynamic time history analysis of planar frames. 
Some of the conclusions from the study are presented in Chapter 7.  The first was that a 
successful full-scale hybrid simulation was conducted to study the behavior of a planar semi-rigid frame 
during a seismic event.  The hybrid simulation showed that the semi-rigid frame appeared to behave in a 
ductile fashion during the seismic event, yielding the angles during the earthquake, but deforming 
inelastically after yielding and dissipating energy.  A second conclusion is related to the failure modes of 
the semi-rigid connection detail. The connection developed a relative rotation of 0.048 radians, 
exceeding 0.03 radians, considered to be a desirable rotational capacity.  Thus, the top and seat angle 
with double web angles connection performed in a very ductile fashion under demanding cyclic 
loadings.  Thirdly, a phenomenological model of the connection was developed, using a differential 
equation called the Bouc-Wen model that models smooth hysteresis curves.  The model was 
implemented with stiffness reducing, strength degrading, and pinching capabilities, allowing for 
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accurate modeling of the experimentally derived moment-rotation data.  Some further areas of future 
study are also suggested in Chapter 7.  To better understand the adequacy of semi-rigid frames during 
seismic events, further hybrid simulation studies should be conducted.  Also, dynamic time history 
analysis of a planar steel frame could be conducted, implementing the phenomenological model 
developed in the current study as a spring in a finite element analysis package.  More hybrid simulation 
studies and planar dynamic time history analysis would provide a better understanding of the behavior 
of semi-rigid steel frames in seismic events.  
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2. LITERATURE REVIEW 
Chapter 2 presents a literature review of the seismic design of steel frames, beginning with 
seismic design of steel moment-resisting frames in California and following the trends until modern 
seismic design, giving context to the current study of semi-rigid steel frames.  One of the defining 
moments in seismic design in California was the 1994 Northridge Earthquake, which led to a rethinking 
of some of the concepts of seismic design, and innovations to reduce the impact of seismic events on 
structures.  Therefore, Section 2.1 examines some of the literature from before the Northridge 
Earthquake, setting the context for the accepted design concepts used prior to Northridge.  One of the 
key design concepts that emerges is that of the strong-column weak-beam, where plastic hinges were 
allowed to occur in the beam to protect the gravity-carrying columns from being damaged.  A 
connection detail was used to develop the full plastic moment capacity of the beam, allowing plastic 
hinge formations in the beam.  The moment-connection detail that became popular had design flaws 
that resulted in unacceptable seismic behavior of the steel frames during the Northridge Earthquake.  
Thus, Section 2.2 considers some literature that details the unacceptable seismic behavior of the frames 
during the Northridge Earthquake, describing how the structures initially appeared to have behaved well 
but that fractures at the moment-connections were soon found.  The fractured connections made the 
structures unsafe in the event that another significant seismic event occurred, potentially leading to 
collapse of the frames.  Section 2.3 describes the resulting studies of the moment-frames, which sought 
to understand why the frames behaved unfavorably during the earthquake.  Through analytical studies 
and component tests of the connections, the researchers discovered that the moment-connection detail 
created large inelastic demands that exceeded the ductility capacity in key locations.  Further, the 
researchers discovered that the connection was difficult to repair, since the connection had to be 
retrofitted to achieve adequate seismic performance.  After discovering so dramatically that the state-
of-the-practice in designing moment-resisting frames was inadequate for seismic events, research began 
in new areas to find more suitable structural systems.  Hence, Section 2.4 studies some of the available 
literature on semi-rigid steel frames, seeking to understand the seismic behavior of semi-rigid frames 
from component studies, analytical studies, and experimental studies.  The literature indicates that 
semi-rigid frames can have more favorable seismic behavior, attracting lower seismic forces and 
receiving less damage than rigid frames.  Also the connection details for semi-rigid frames show more 
consistent ductile behavior than popular moment-connections used during the Northridge Earthquake.  
Section 2.5 identifies some key gaps in the literature, which the current study is suited to help to 
supplement.  Since full-scale testing of semi-rigid steel frames is relatively limited, the current study uses 
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the hybrid simulation technique to conduct a full-scale seismic study of a semi-rigid frame.  The 
instrumentation setup for the current study supplies detailed information about the local connection 
behavior during the earthquake, helping to assess the suitability of the connection detail for seismic 
events.  An accurate analytical model is also developed in the current study to allow researchers to 
study the global behavior of the semi-rigid frames under a variety of seismic events.  Finally, Section 2.6 
concludes with a summary of the literature review.  Chapter 2 provides the context for studying semi-
rigid steel frames, as an extension from lessons learned from the unfavorable seismic behavior of steel 
frames during the Northridge Earthquake. 
2.1.  Typical Steel Frame Design Prior to Northridge Earthquake 
Steel moment-resisting frames were the accepted structural system for building construction in 
active seismic zones prior to the 1994 Northridge Earthquake.  While steel moment-resisting frames 
remain a popular choice for seismic design after the Northridge Earthquake, the vulnerabilities of the 
seismic design codes and the assumptions they made were exposed by the damage caused by the 
Northridge Earthquake.  Section 2.1 summarizes the experimental and analytical studies conducted on 
steel moment-resisting frames prior to 1994, with the objective of understanding the design philosophy 
and assumptions that guided the seismic design of the steel structural systems damaged by the 
Northridge Earthquake.  Section 2.1.1 provides an overview of the design philosophy used to approach 
the seismic design challenges of steel moment-resisting frames as a structural system, and Section 2.1.2 
describes the component tests conducted to validate the design philosophy and assumptions. 
2.1.1. Steel moment-resisting frames: design philosophy 
A good introduction to the design philosophy of steel moment-resisting frames is provided by 
Krawinkler, Bertero and Popov (1971).  The report studies the stiffness, strength, ductility, and energy 
dissipation characteristics of a beam column subassembly.  The use of steel moment-frames was 
increasing in popularity at the time of the study, but the actual behavior of the frames under severe 
earthquakes was not well known.  Two types of subassemblies were studied, testing a total of four 
specimens.  The first subassembly consisted of a W14x68 column with W18x45 beams, while the other 
subassembly was a W14x228 column with W24x68 beams.  The beams were attached to the columns 
with full penetration welds at the flanges and the webs, using back up bars for the flanges and a back up 
clip for the web.  The strong-column weak-beam philosophy was being used as one of the basic design 
concepts of the connection; therefore, the connection strength was designed to be adequate to develop 
plastic hinges in the beams.  Using this methodology, the highest inelastic demand was concentrated in 
the beams, while the gravity-carrying columns were protected and expected to remain elastic.  The 
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formation of plastic hinges in the beams allowed energy dissipation without endangering the collapse of 
the overall structural system.  In addition to developing the plastic moment capacity of the beam, the 
connection has stiffness requirements, so that lateral drifts of the structure do not become excessive.  
Lastly, the connection has to show enough ductility under inelastic loads to avoid early brittle failures of 
any of the elements and the potential for collapse.  Krawinkler, Bertero and Popov (1971) concluded 
that the steel subassemblies were well suited for cyclic inelastic behavior, such as would be sustained 
during a seismic event.  The hysteresis loops resulting from the tests were stable and reproducible, 
showing good energy dissipation capacity exceeding what was expected from an earthquake and 
proving that structural steel was a good material for repeated reverse loading.  The researchers 
recommended that weak links should be avoided in the connections, recommending that each element 
should be able to develop its yield strength.  The researchers recommend that the beams should have a 
rotation capacity of 0.03 radians, including elastic and plastic deformations.  According to the study of 
Krawinkler, Bertero and Popov (1971), steel moment-resisting frames showed good strength and 
stiffness characteristics, as well as good ductility behavior during their experimental investigation of 
beam and column subassemblies. 
The connection detail used in the previous study was a complete penetration weld between the 
flange of the column and the beam’s flanges and web.  Such a connection was expensive and difficult to 
make in the field, so other connection alternatives were explored.  Popov and Stephen (1970) published 
one of the earliest studies of the welded-flange bolted-web beam column connection detail, which later 
became the connection detail of choice in steel design.  Figure 1 shows a detail of this connection type.  
The objective of the test program was to compare the cyclic behavior of the welded-flange welded-web 
detail and the welded-flange bolted-web detail that was just emerging in steel construction.  Eight full-
scale tests were conducted, two of the fully welded detail, five with the welded-flange bolted-web 
detail, and one without any web connection at all.  The failure modes observed varied, but the fully 
welded details buckled or developed plastic hinges at failure; while most of the welded-flange bolted-
web details formed cracks or fractures in the flanges and showed less ductile behavior than the fully 
welded detail.  The conclusions drawn from the test were that all of the connections were stronger than 
the plastic yield moment predicted by theory, probably due to strain hardening.  Also, the hysteresis of 
all of the connections was stable.  However, the authors observed that the behavior of the welded-
flange bolted-web connection was sensitive to good workmanship, requiring careful inspection of every 
connection to ensure an adequate connection.  Therefore, the welded-flange bolted-web connection 
 detail that became popular in seismic design was found in early tests to be adequate for strength, but 
required careful workmanship to ensure ductile behavior at the ultimate state.
Figure 1. Detail of welded-flange bolted
 Popov (1988) published a paper offering recommendations for seismic design codes, based on 
earlier research issued as a technical report 
structural systems, the author discussed the usefulness of the strong
where plastic hinging is forced to occur in the beam by designing all the other elements to yield after the 
beam.  Using strong-column weak
energy dissipation during an extreme event.  Using strong
moments of the beams implies connections with the strength and ductility to allow the inelastic action 
in the beam to develop.  The author indicates that the welded
acceptable in seismic design, althou
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-flange bolted-web detail is widely 
gh its ductility may be less than other connection details.  The 
 
 
-beam concept, 
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welded-flange bolted-web detail was the cheapest connection detail among the alternatives available, 
and therefore became the most popular connection detail. 
Popov, Tsai and Engelhardt (1989) presented an analytical study of two planar moment-resisting 
steel frames, considering differing levels of inelasticity in the panel zone.  The first frame was six stories 
high, while the second was 20 stories high.  The connections in the frames were considered to be fully 
moment resisting, but inelasticity was modeled in the panel zone, beams, and columns.  Time history 
analysis was conducted using four earthquake records, and the behavior of the frames was analyzed.  
The moment-rotation demands at the beam column connections were computed during the analysis of 
the six story frame and compared to the capacity found during previous experimental studies (Popov 
and Tsai 1989).  They determined that only seven of the connections studied could supply the required 
rotational demand.  The authors observe that by applying tight quality control and depending on the 
inelastic rotation of the panel zone, the required rotational capacity could be attained by the welded-
flange bolted-web connection detail. Another observation from the analytical study was that more 
flexible frames attract lower earthquake loads. 
In summary, the use of moment-resisting steel frames as the primary structural system in 
seismic design was established because of the economy and simple design procedures of the steel 
frames.  The strong-column weak-beam design philosophy motivated a structural system that used 
inelastic deformations in the beams to dissipate seismic energy and reduce lateral loads.  Also the 
welded-flange bolted-web connection detail became the connection detail of choice for developing the 
moment-resistant connection required to allow plastic deformation of the beam, because of its lower 
cost with respect to other connection details.  In the following section, Section 2.1.2, further studies of 
the welded-flange bolted-web connection are presented, to better understand the limitations of the 
connection detail, especially with regard to ductility. 
2.1.2. Component studies of welded-flange bolted-web connections 
As the use of welded-flange bolted-web connections became widespread, research into the 
behavior of the connection detail under cyclic load continued.  The research found that the connections 
were very sensitive to construction techniques and was not able to provide adequate levels of ductility, 
often fracturing before achieving enough plastic rotation.  However, these brittle failure modes were 
attributed to fabrication mistakes and no major detail modifications were suggested. 
Popov and Tsai (1989) experimentally studied the plastic behavior of full-scale steel moment-
connections, examining 18 specimens.  The authors set out to study the ductility of the steel moment-
connections.  In analyzing their results, the authors found that all of the connections achieved their 
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expected strength, but that the ductility of the connections was variable and in a few cases severely 
insufficient.  Some of the failure modes observed during the tests were sudden and brittle, due to 
fractures of the flanges in the regions of the welds.  Among the recommendations resulting from the 
test was the implementation of careful inspection of the connections, especially the welds and bolts, as 
well as smoothing of the regions surrounding the back up bars, to reduce stress concentrations.  Two 
specimens tested were fully welded, using full penetration at the flanges and fillet welds around the 
webs, so that there were no discontinuities in the welds or copes in the web.  These two details 
performed exceptionally well, with large ductility and energy dissipation. 
Engelhardt and Husain (1993) conducted full-scale tests of the same welded-flange bolted-web 
connection detail.  In an effort to avoid unfavorable failure modes observed in some connections, the 
contemporary codes required that additional welds be added to the shear tab so that the web of the 
beam was engaged in transmitting moment from the beam to the column.  The concept was to share 
moment transfer between the beam’s flanges and web, in order to avoid excessively loading the beam 
flanges and initiating a brittle fracture.  The researchers were seeking to determine if this requirement 
could be relaxed, so they set out to determine the significance of the shear tab in transmitting moment.  
Eight full-scale tests were conducted, and the welded-flange bolted-web connection was fabricated with 
the standard quality control specifications.  The top and bottom flanges of the beam were welded with 
full penetration single bevel groove welds that were designed according to the specifications, fabricated 
by a qualified individual, and inspected ultrasonically by a certified technician.  The shear tab was 
welded to the column flange and either bolted, bolted and welded, or welded to the beam web.  Back 
up bars were used to place the full penetration welds, and the back up bars were left in place during the 
testing.  The researchers found that all of the connections behaved poorly, with three of the specimens 
failing unexpectedly early, very shortly after entering the inelastic range, by instantaneous separation of 
the full penetration weld on the beam flange and column flange.  The remaining five specimens failed 
after some inelastic cycles, also by separation of the weld from the column flange.  The deduced cause 
of the early failure was incomplete fusion of the bottom flange weld, even though the weld was placed 
by a certified welder and passed ultrasonic inspection.  The bottom flange weld was placed in two 
passes, because the beam web was not coped enough to allow a single pass, and the intersection of the 
two welds could have contributed to the lack of fusion.  Only one of the connections achieved what the 
researchers considered adequate plastic rotation, 0.015 radians, while the rest were less than this 
adequate value.  Reviewing the literature, the authors recognized that there was a large variability in the 
plastic rotation capability of this type of connection, and that the connections did not consistently 
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achieve the expected plastic rotation value of 0.015 radians, with many not even achieving a minimal 
0.005 radians of plastic rotation.  Most of the test results found in past literature also reported 
premature failures around the welds.  The authors determined that no significant conclusions could be 
made about the beam web participation in achieving the plastic moment, since the connection behavior 
was dominated by weld quality.  The authors recommended a careful revisiting of the design and 
detailing of the welded-flange bolted-web connection, and careful review of the welding procedures and 
quality control. 
Tsai, Wu and Popov (1995) conducted a very similar test program to Engelhardt and Husain 
(1993), studying the behavior of ten welded-flange bolted-web type moment-resisting connections.  The 
bottom flange weld was placed with a single continuous pass, since the beam web was coped 
sufficiently to allow a single pass.  This eliminated one potential source for weld lack of fusion noted by 
Engelhardt and Husain (1993) in their study.  The welds were placed by a certified welder, ultrasonic 
testing was carried out on each specimen, and back up bars were used and left in place.  All of the 
connections failed at the beam groove weld by fracture, with plastic rotations in the range of 0.009 to 
0.018 radians, considered a fair to satisfactory range.  The authors note that the quality of the beam 
flange groove weld was difficult to ensure if the beam web cope was too small.  In addition, one of the 
specimens showed a location where there was a lack of fusion that was missed by the ultrasonic testing 
that contributed to a premature failure in the bottom flange.  Overall the authors noted that the plastic 
moment capacities were erratic and difficult to predict but recommended continued use of the 
connection detail while research was continued. 
Significant research into the behavior of the welded-flange bolted-web connection gave 
preliminary indications that the primary failure mode of the connection was brittle fracture of the 
connection at the tension flange weld location.  Any connection detail should provide consistent ductile 
responses, avoiding brittle failure modes even if the installation conditions are not perfect.  However, in 
the case of the welded-flange bolted-connection detail, even the connections developed in laboratory 
conditions were unable to consistently achieve ductile responses. 
2.2.  Steel Frame Behavior during Northridge Earthquake 
The literature shows that steel was widely accepted as the seismic design material of choice, 
because of its ability to deform in a ductile fashion when subjected to large inelastic demands.  Also, 
studies of the steel moment-resisting frame highlight that the ductility, strength, and stiffness of the 
entire structural system is governed largely by the behavior of the connection between the beams and 
the columns.  Providing a connection with adequate strength to permit the beam to develop plastic 
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hinges, in accord with the strong-column weak-beam philosophy, was seen as the key to a successful 
connection design.  The connection type that became widely popular was the welded-flange bolted-web 
detail, discussed in Section 2.1, which was relatively cheap to fabricate and simple to design.  The 
welded-flange bolted-web connection detail was tested in real life by the Northridge Earthquake in 
1994. 
Bertero, Anderson and Krawinkler (1994) provide a very comprehensive and thorough study of 
the steel moment-resisting frame behavior during the Northridge Earthquake.  After the Northridge 
Earthquake, steel structures were examined and most of the structures were cleared for re-occupancy 
after clean up.  No major structural damage or instability was found during the initial inspections, and 
the favorable seismic behavior of steel frames was publicized.  Some structures were re-examined when 
tenants complained about serviceability issues, such as elevators not operating correctly.  When the 
structural cladding covering the main structural system was removed, fractures were found at the beam 
to column connection.  The finding of one fractured connection led to the inspection of all the 
connections, resulting in the discovery of many fractured connections or damaged members that had 
been hidden by the cladding.  Eventually a widespread re-inspection of all the steel moment-resisting 
frames was initiated, resulting in the discovery that the frames had not behaved nearly as favorably as 
had been publicized immediately after the earthquake.  The authors continue their narrative by 
describing the most common failure modes observed in the frames, the most prominent and common 
of which was fracture of the welded moment-connections, mostly at the bottom flange.  The authors 
observe that fractures at the beam bottom flange was probably due to the presence of the slab, which 
moved the neutral axis towards the top flange and increased the stress in the bottom flange, and also 
possibly due to weld discontinuities at the web in the bottom flange.  Often the weld on the bottom 
flange was laid in two passes because the web interferes with laying the weld in a single pass.  The 
process of laying the weld from both sides increased the probability of an imperfection at the interface 
between the two welds that could initiate a crack.  Similar behavior was noted in the experimental 
investigations of Engelhardt and Husain (1993), described previously.  A few of the failures observed by 
the field inspections of the authors and from reports by other investigators were separations of the weld 
from the column flange, crack propagation from the back up bar into the column flange, or cracks that 
propagate through the heat affected zone into the column web.  The authors noted that all of these 
failure modes had been observed in experimental test programs carried out prior to the earthquake. 
As part of their report, Bertero, Anderson and Krawinkler (1994) also considered the reasons for 
the brittle failure modes observed in the welded beam to column connections.  The two fundamental 
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design problems were observed by the authors.  The first design flaw was that the greatest force 
demand was concentrated at the weld locations, so that most of the strain demand was localized in the 
region around the welds.  The design philosophy of the moment-connections was that the plastic 
moment would be formed at the beam end, since most beam members are able to deform in a very 
ductile fashion and dissipate large amounts of inelastic energy.  However, the formation of plastic hinges 
at the beam end concentrated large local ductility demands in the regions around the welds, which the 
material at that location was unable to supply.  Member ductility therefore was limited by material 
ductility at the connection location.  Once fracture was initiated, the second major problem became 
evident, since there was no redundancy in the connection design.  The lack of redundancy could lead to 
global instability and collapse.  In light of these fundamental observations, the retrofit strategies 
suggested by the authors were based upon moving the plastic hinge (or region of high ductility demand) 
away from the connection and into the beam and adding redundancy to the load transfer mechanism.  
The authors observed that simply repairing the damaged connections was not sufficient to ensure that 
the steel frames would behave safely in the next earthquake; major retrofit was required, even for 
existing connections that were not damaged.  The design strategy of the welded flange connection was 
limited by the fact that large ductility demands were concentrated in brittle regions around welds in a 
design that could not provide redundant load transfer paths after fracture. 
Chen (1995) studied the steel structures damaged during the Northridge Earthquake and 
examined the problems that existed in the standard design, as well as a few solutions that could 
overcome the design problems.  The connection that was most frequently damaged was the welded-
flange bolted-web detail that was tested in a limited manner and universally recommended as a ductile 
solution for seismic design.  The ductility was predicted to result from yielding of the beam away from 
the connection; however, investigations found that there were stress concentrations at the beam 
tension flange, initiating cracks around the weld that propagated in some cases through the column 
flange into the panel zone.  The overlooked design issues that Chen (1995) highlights are the presence of 
a composite floor slab, vertical ground accelerations, and the effects of a flexible panel zone.  The 
composite floor slab was neglected in the design process, but the presence of the slab makes the beam 
much stiffer and moves the neutral axis towards the top of the beam, creating larger tension forces on 
the bottom flange.  In addition, the Northridge Earthquake had significant vertical ground accelerations, 
meaning that some of the columns had large axial tension forces that created a triaxial stress state in 
the column flange to beam flange weld location.  Lastly, the panel zone was allowed in design to yield, 
so that energy could be dissipated; therefore, large strains developed at the corners of the panel zones, 
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demanding large local ductility in the weld and column flange.  All three of these issues could lead to 
fracture and crack propagation at the beam bottom flange location.  Chen (1995) observed that the local 
ductility demand at critical connections must be limited to acceptable magnitudes, with the remaining 
required ductility forced to dissipate in the beam. 
Mahin (1998) provided a detailed overview of the SAC Joint Venture (a joint venture with 
Structural Engineers Association of California, the Applied Technology Council, and the California 
Universities for Research in Earthquake Engineering) a venture motivated by the Northridge Earthquake 
to extensively study the behavior of moment-resisting steel frames during seismic events.  Mahin (1998) 
also observed that the damage was mostly concentrated in the welded-flange bolted-web type of 
connection widely used at that time.  The unexpected damage to steel moment-resisting frames 
designed according to accepted state-of-the-practice led to the rescinding of connection details and 
design methods for buildings in earthquake zones.  Mahin (1998) describes the test program conducted 
by the SAC project as involving re-welding with careful workmanship to repair damage connections, 
achieving pre-damage strength and stiffness with no improvement in the inelastic behavior of the 
connection.  However, in test specimens that were repaired with inclined haunches, the plastic hinge 
was formed in the beam away from the column face resulting in some increase in its inelastic behavior.  
Mahin (1998) observed that steel moment-resisting frames were still a safe and economical option for 
collapse prevention, but the risk of failure was higher than thought previously.  Basic repair strategies 
that Mahin (1998) suggests are motivated by moving the location of high inelastic behavior into the 
beam and away from the connection.  Avoiding local inelastic behavior at the connection could be 
achieved by either strengthening the beam at the column face by adding cover plates or haunches, or by 
weakening the beam at locations where plastic hinges were desired, by reducing the flanges by 
trimming or drilling. 
Chi et al. (1998) presents an analytical case study of a 17-story steel moment-resisting frame 
damaged in the Northridge Earthquake, using static and dynamic analysis methods.  Stiffness 
degradation of the beam members was considered in some of the analysis runs.  The study 
implemented two analysis types, static pushover analysis and dynamic time history analysis.  The static 
pushover analysis used a standard inverted triangular loading profile, corresponding to the structure’s 
first mode of response.  The interstory drifts predicted by the static pushover analysis did not 
correspond well with the actual observed damage distribution, indicating that static pushover analysis 
was not an accurate analysis method for this structure, probably because of the participation of higher 
modes in the dynamic response.  Dynamic time history analysis correlated well with the observed 
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damage locations and revealed the participation of higher modes in the response.  Moderate stiffness 
degradation resulted in reduced roof displacement peaks and interstory drifts, probably because the 
vibration period was elongated and an earlier onset of inelastic behavior allowed more energy 
dissipation.  In addition, the models with stiffness degradation showed better correlations with actual 
damage distributions because the degradation allowed for moment redistribution as inelasticity 
occurred.  The conclusions of the study were that interstory drift and curvature demands observed in 
the actual structure correlated well with the inelastic time history analysis.  Chi et al. (1998) also 
observed that the analysis results were strongly dependent on the modeling techniques and 
assumptions, indicating that modeling should not be approached as trying to find the exact solution, but 
as trying to find a bound for the most likely solution.  Thus, the study reinforces that globally steel 
frames behaved well by absorbing inelastic energy, although the localized ductility issues found in actual 
structures resulted in more damage than was acceptable. 
Also conducting a case study, Gross (1998) carried out analysis on the Blue Cross Headquarters, 
a structure located 3 miles from the epicenter of the Northridge Earthquake and instrumented in the 
basement, 6th floor, and top floor, providing an excellent opportunity for comparing analytical 
techniques with actual behavior.  The analysis was focused on welded steel moment frame buildings 
constructed before the Northridge Earthquake, motivated by a need to develop analytical techniques 
that would identify deficient frames, assess the vulnerability of existing buildings, and help to judge the 
adequacy of proposed repair or retrofit methods.  The analysis resulted in good agreement of the 
predicted response with the actual measured response, highlighting that degrading hysteresis models of 
connections were important for shorter structures, where connection degradation could more directly 
affect the structural stiffness and stability. 
Popov, Yang and Chang (1998) conducted testing and analysis of both pre-Northridge and post-
Northridge connections, seeking a rational explanation for the brittle failures that were observed in the 
typical welded connections.  The program consisted of three experimental tests of pre-Northridge 
connections, as well as experimental testing of two modified connection specimens.  During the tests, 
brittle fractures were observed in all the specimens, due to the combination of triaxial effects at the 
weld location and the overstrength of the beam.  The triaxial effects were induced because the Poisson’s 
effect was prevented in the beam’s lateral dimension since the flange was welded to the column flange, 
retarding axial yielding of the flange and creating a brittle fracture.  In addition, the triaxial effects were 
enhanced by the presence of a small crack caused by the back up bar, leading to stress concentration 
effects that initiated and propagated cracks in a brittle and rapid manner.  All of the test specimens 
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failed unacceptably, with fractures initiating at the beam bottom flange and then propagating through 
the column flange, sometimes entering into the column web.  In the final phase of the project, modified 
connections were studied.  In order to fix the brittle failure modes of the existing connections, 
modifications were sought that moved the concentration of inelasticity away from the connection into 
the beam, by either strengthening the connection or weakening the beam.  The method chosen in 
Popov, Yang and Chang (1998) was to weaken the beam at a critical cross-section near the connection.  
The first connection was a symmetric dog bone, while the second was an asymmetric dog bone, with a 
dog bone being cut in the bottom flange.  Both of the modified connections showed excellent inelastic 
behavior, allowing plastic rotations of more than 0.03 radians and not exhibiting any tendency towards 
brittle fracture.  Thus, ductile responses were found when the ductility demands were moved away from 
the connection location and into the beam element. 
The Northridge Earthquake revealed that the contemporary steel moment-resisting frames were 
more vulnerable to seismic demands than realized by designers.  The weakest links found in examining 
the steel frames after the earthquake were the beam to column connections, most widely the welded-
flange bolted-web detail.  Ductility demands that exceeded ductility capacity was one of the 
fundamental oversights in the design philosophy of the welded-flange bolted-web detail.  The lack of 
ductility resulted in brittle fractures at critical connection locations. 
2.3.  Design Solutions Proposed for Post-Northridge Steel Frames 
The connection failures observed during the Northridge Earthquake fueled many experimental 
programs, seeking to understand the reasons for the failures and to develop revised design concepts for 
moment-connections.  The failures observed in the Northridge Earthquake created not only physical 
damage to the structures, but also resulted in a loss of faith in the use of steel moment-resisting frames 
for seismic design.  The experimental programs were motivated to better understand why the failures 
occurred and then to propose new design solutions that would again establish steel frames as the 
structure of choice in seismic design. 
Engelhardt et al. (1996) presented short term solutions intended to guide steel construction 
immediately following the Northridge Earthquake of 1994.  The test program was conducted on 
fourteen specimens: two specimens were replicates of the pre-Northridge welded-flange bolted-web 
type connection, two of the specimens were all welded connections, and the remaining ten were 
various reinforced connection details.  Both the pre-Northridge and the all welded connections 
displayed poor performance, despite careful welding workmanship and good welding practices, 
indicating that more than poor workmanship was to blame for the brittle fractures seen during the 
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Northridge Earthquake.  The reinforced connections were intended to shift the force couple away from 
the welded beam flanges and to move the plastic hinge into the beam cross-section, away from the 
column face.  The primary goal was to keep the connection materials elastic, avoiding inelastic 
deformation at the weld locations.  Significant improvements in connection were observed, with plastic 
hinges developing such that the strength and ductility of the beam section was fully utilized. 
Whittaker, Gilani and Bertero (1998) presented a study of pre-Northridge connections that 
sought to study the deformation response of pre-Northridge connections and the effectiveness of some 
of the retrofit techniques used after the earthquake.  In a brief summary of the experimental data 
available before the Northridge earthquake, the authors concluded that the welded-flange bolted-web 
connection showed highly variable behavior, that the connection did not reliably supply plastic rotations 
of 0.015 radians, that premature fracture of the connection was not unlikely, and that the connection 
behavior was heavily dependent on workmanship and inspection.   Most of the pre-Northridge tests 
were conducted using W21 to W24 type shapes, intended to be used as part of connections in a 
moment-resisting frame distributed throughout the structure; however, engineering practice shifted 
towards using only a few bays of moment-resisting frames, resulting in larger sections, such as W30 or 
W36.  The use of larger sections was not experimentally verified prior to Northridge.  The test setup for 
the study of Whittaker, Gilani and Bertero (1998) consisted of a W30 beam with a welded-flange bolted-
web connection designed according to the 1991 Uniform Building Code, current during the design of 
most of the buildings affected by Northridge.  Back up bars were left in place, and the connections were 
probably of better quality than those in the field, since they were constructed under ideal conditions.  
Some of the limitations in the test setup were that no slab was considered, there were no axial tension 
or compression forces, and there were no velocity effects, such as strain rate effects.  The study set a 
target plastic rotation of 0.03 radians, based upon seismic analysis of frames.  Three connections were 
tested and all of them showed variable behavior that was inadequate; the connections only achieved 
plastic rotations in the range of 20% to 40% of the target value.  One of the connections was repaired 
twice by re-welding the fractured location and removing the back up bar.  The repaired connection did 
not exhibit any improvement in terms of ductility, failing at a plastic rotation less than the original 
connection.  The authors present results from their own test and also from other experiments, 
comparing the results from a total of 12 specimens.  The average plastic rotation of these 12 specimens 
was less than one-sixth of the target value of 0.03 radians. 
Uang, Bondad and Lee (1998) examined the effectiveness of adding haunches to the bottom 
flange to repair welded-flange bolted-web connections damaged in the Northridge Earthquake.  Four 
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full-scale specimens were prepared.  First the connections were designed according to the typical 
welded-flange bolted-web detail typical prior to Northridge.  These connections were then tested, either 
cyclically or dynamically, until fracture occurred.  The connections were repaired as required by the 
damage pattern that resulted, usually by repairing the top flange weld and adding a stiffener to the 
bottom flange, as well as adding supplemental stiffening plates as required.  Then the repaired 
connections were tested again, to see how effective the modifications were in repairing the 
connections.  The test results of the Northridge type connections showed variable failure modes, either 
with fractures in the fusion zone of the groove weld, in the beam flanges, or even fracture propagation 
into the column flanges.  All of these failure modes were observed in the Northridge earthquake.  Also 
significant pinching and capacity drops were observed in the hysteretic behavior of the connections 
after fracture, illustrating the lack of redundancy in the connection detail.  Repairing the connections 
resulted in increased stiffness and yield strength.  The critical section of the beam was moved away from 
the column face and beam bottom flange interface into the beam’s cross-section.  As a result, most of 
the inelasticity was located in the beam, since plastic hinging was developed in the beam cross-section, 
leading to a significant increase in energy dissipation and ductility.  Thus, the repair strategy was found 
to be effective in recovering connections damaged in the Northridge Earthquake. 
Kasai, Hodgson and Bleiman (1998) presented a very interesting solution for retrofitting the 
structures left vulnerable after the Northridge Earthquake.  The test program studied the effectiveness 
of using bolted connections to achieve the same connection stiffness as a welded-flange bolted-web 
type of connection.  The test results indicated that significant improvements in plastic rotation capacity 
could be achieved by using the bolted connection detail.  The retrofit was simple and inexpensive to 
implement, avoiding costly field welding, and also avoiding the sensitivity to construction workmanship, 
since the bolted connection was simple to install and inspect.  The increase in ductility was achieved by 
forcing the inelastic behavior to occur in the beam section, by increasing the capacity of the local 
connection. 
Civjan, Engelhardt and Gross (2000) studied the behavior of six retrofitted Northridge type 
connections, implementing dog bones or haunches in their retrofit scheme.  The dog bone is a method 
of reducing the moment of inertia of the steel section at a specific region by removing flange material, 
such that a dog bone shape results.  The reduction in the section allows an early formation of a plastic 
hinge at the reduced cross-section location.  The tests were conducted with composite concrete slabs 
and without.  The presence of the slab helped to reduce failures of the top flange.   Implementing the 
dog bone in the bottom flange showed little improvement, unless the existing groove welds were 
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replaced with improved welds.  Using haunches on the bottom flange showed significant improvement, 
even without replacing the groove welds and with the slab present. 
Chi, Uang and Chen (2006) conducted a case study of a 13-story building damaged during the 
Northridge Earthquake.  The study involved both an experimental program and an analytical 
component.  During the experimental phase, two connections were constructed with the welded-flange 
bolted-web detail and tested to failure, and then retrofitted by adding haunches to the bottom flange.  
The retrofitted connections were then tested to failure again.  The experimental program and analytical 
investigation concluded that adding the haunches significantly reduced the strain demands in the region 
of the flange welds. 
Hedayat and Celikag (2009) analytically studied the effectiveness of removing web material from 
the beam to induce plastic hinge formation in the beam and therefore increase the ductility of the 
frame.  Stiffeners were added to the beam in order to prevent local buckling from occurring when the 
plastic hinge formed.  The analytical study resulted in design recommendations for detailing beams so 
that adequate ductility and strength could be achieved. 
The experimental studies of the welded-flange bolted-web connection detail showed the 
fundamental importance in providing not only adequate strength in the connecting elements to develop 
the required plastic hinge in the beam, but also the need to detail the connection such that adequate 
ductility could be provided by each of the connecting elements.  When the beam can develop its plastic 
moment and forms a plastic hinge, excellent ductile response was achieved by the connection 
subassembly, resulting in stable inelastic behavior that dissipated energy and protected the rest of the 
frame.  However, in order to develop the member ductility, excessive material ductility demands were 
being concentrated at low capacity regions in the welded-flange bolted-web detail, especially at the 
location of the weld at the bottom flange.  The result was brittle behavior as the low-ductility elements 
fractured prematurely, prior to developing the required ductility for the beam.  Design solutions 
following the Northridge Earthquake recognized the need to provide ductility in all the connecting 
elements and materials, initially resulting in design solutions that moved all inelastic demand away from 
the connection and directly into the beam cross-section.   
2.4.  Investigations of Semi-Rigid Steel Frames 
Once Northridge Earthquake and the ensuing experimental and analytical studies exposed the 
vulnerability of moment-resisting frames, a more critical look was taken at alternative design solutions.  
Design solutions were sought that would allow for ductility in all the connecting elements, as well as 
redundancy in failure modes.  In addition, as analysis techniques became more refined, it was 
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recognized that all connections were semi-rigid, allowing some relative rotation between the beam and 
the column as deformation occurred.  Investigations into the possibility of using semi-rigid steel frames 
became more widespread.  One of the basic prejudices against the semi-rigid steel frame was that it was 
feared that reducing the stiffness of the frame could result in larger lateral drifts during an extreme 
seismic event, leading to early collapse due to system instability.  However, the semi-rigid steel frame 
offered many positive solutions to seismic steel design, among them easier field installation, since field 
welding was avoided with bolted construction. 
Although many semi-rigid connections are available, the connection considered in the current 
report is the top and seat angle with web angles.  Among the connection details available, the top and 
seat angle with web angles provides a connection with moderate stiffness, suitable for frames of 
moderate height. 
The following sections will consider the studies that have been conducted on semi-rigid steel 
frames.  Section 2.4.1 discusses component studies carried out on the elements used in a top and seat 
angle with web angles.  As discovered in the welded-flange bolted-web detail, understanding the 
inelastic behavior of every component of the connection is vital to providing a ductile load transfer 
mechanism in the structure.  Then Section 2.4.2 discusses physical testing of semi-rigid steel structures.  
Finally, Section 2.4.3 provides an overview of the analytical work that has been conducted in studying 
semi-rigid steel frames and their behavior during seismic events. 
2.4.1. Component studies of top and seat angles with web angles 
The semi-rigid connection being studied in the current paper is the bolted top and seat angle 
with double web angles.  This section reviews some of the experimental and analytical work that has 
been done to study the behavior of the bolted top and seat angle with double web angles, as well as 
some similar connection configurations that help to shed light on the properties and behavior of this 
connection type. 
Azizinamini and Radziminski (1989) presented a test program of top and seat angles with double 
web angles type connections, which focused on monotonic and cyclic testing of the connections.  The 
static tests measured the stiffness and maximum moment capacity of the connections, while also 
providing a study of the parameters that influence the response on the connection.  The hysteretic 
moment-rotation loops of the cyclic tests indicated that the connections could be beneficial sources of 
energy dissipation in a semi-rigid steel frame.  The hysteresis loops showed pinching, stiffness reduction 
as the cycles continue, and slight strength reduction under cyclic loading.  Hence, the study provided 
insight into the cyclic behavior of connections with top and seat angles and double web angles, 
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indicating that they exhibited stable hysteresis loops, with pinching and stiffness and strength 
degradation. 
Shen and Astaneh-Asl (1999) conducted an experimental study to further understand the 
deformation characteristics and ductility of bolted top and seat angle type connections under cyclic 
loads.  The authors simplified their experimental program by testing the angles in tension only, by 
bolting two angles to a column and then bolting their outstanding legs together, with a plate inserted in 
between that could be pulled or pushed out.  Thus, the system was reduced from testing a beam and 
column subassembly to testing the angle components that constituted the connection.  By simplifying 
the experiment, the authors were able to test the behavior of the angles under a variety of loading 
regimens, capturing the behavior of the angles under both monotonic and cyclic loading.  The objectives 
of the study were to study the hysteresis behavior of top and seat angle connections, their inelastic 
behavior and failure modes, how they behave under cyclic or monotonic loads, the stability of their 
energy dissipation and large deformation behavior.  The authors concluded that the angles provided 
stable hysteretic response and energy dissipation characteristics, and that the energy dissipation was 
related to angle sizes.  Also, the connecting elements showed good ductile behavior, developing plastic 
yield lines that provided significant deformation capacity before cracking in a brittle fashion. 
Calado, De Matteis and Landolfo (2000) investigated the monotonic and cyclic behavior of 
beam-column connections with top, seat, and web angles.  Three different connection configurations 
were considered, with three different column sizes and constant top, seat, and web angle sizes.  Each 
test configuration was tested monotonically to failure, under equal amplitudes to failure, and under 
increasing amplitudes to failure.  The study concluded that the connection was always the weakest 
component of the substructure, “completely ruling the whole response of the joint at collapse.”  The 
failure mode was governed by crack propagation in the top or seat angle along the bolt holes.  The test 
results exhibited regions of large slip, leading to a pinched shape of the hysteresis loops, because of the 
separation of the top and seat angles from the column as the beam is cycled positively and negatively.  
The moment-rotation graphs also exhibited slight asymmetry, where the maximum moment was 10% 
higher on the side opposite the side of first plastic excursion.  Finally, in comparing the monotonic to 
cyclic data, the researchers concluded that there was only a limited degradation in strength or stiffness 
during the hysteretic cycle, only differing significantly on the last cycle. 
Abolmaali, Kukreti and Razavi (2003) studied the cyclic behavior of semi-rigid double web angle 
connections; this type of connection is commonly termed a shear connection.  As a shear connection, 
the bolts are typically snug tightened; however, the authors studied the moment-rotation properties of 
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this connection when the bolts are pretensioned according to slip critical design.  Twenty test specimens 
were tested by cyclically loading the tip of a beam that was connected to a reference column with the 
double web angle connections, simulating the connection loading and geometry in an actual structure.  
The initial stiffness values, maximum moments, and ultimate rotations were reported for each 
specimen, including the complete hysteresis loops.  The hysteresis loops displayed various levels of 
pinching, resulting from bolt slip and bolt hole ovalization, as well as stiffness degradation as the cycles 
were applied.  The failure modes for the connections were either excessive rotation caused by angle 
yielding, bolt fracture, or bearing failures of the bolt against the beam web.  The latter failure types had 
hysteresis loops with a very flat region, corresponding to the zero stiffness of the connection as the bolt 
and plate slid past each other.  All of the hysteresis loops had energy dissipating characteristics, 
corresponding to stable inelastic behavior.  The authors also compared the semi-rigid double web angle 
connections to flush end plate moment-connections reported in other studies, and found that the 
geometry of the semi-rigid connection could be selected such that the initial stiffness and ultimate 
moment were similar to the moment-connections.  The semi-rigid connection displayed two times the 
ductility of the moment-connection and had more favorable failure modes.  The typical failure modes 
reported for the moment-connection were bolt fracture or end plate rupture, both brittle failure modes, 
while the semi-rigid failure mode was usually caused by yielding of the angle or web, allowing for ductile 
failure modes.  The authors provide good motivation for the potential uses for semi-rigid connections in 
steel frames, showing the favorable failure modes, energy dissipating characteristics, and stable 
hysteresis of the connections in a connection that could be designed to achieve similar stiffness and 
strength properties as moment-connections. 
 Leon, Hu and Schrauben (2004) tested two semi-rigid connection substructures with thick top 
and seat angles, including a shear tab welded to the column and bolted to the beam.  The objective was 
to check that the curve fitting models developed for angles of lesser thickness could be applied to thick 
angles as well.  The loading history of the substructure were considered severe, correlated to the 
seismic demand of a high seismic zone.  The two specimens differed only in the gage distance of the 
tension bolts joining the top and seat angles to the column.  In the first specimen the gage distance was 
2.5 inches and in the second the gage distance was 4 inches, allowing significant differences in the 
prying forces acting on the tension bolts and also on the likelihood of forming plastic hinges in the 
angles.  Both specimens failed due to tension bolt failure.  In the specimen with gage distance of 2.5 
inches, no yielding was observed in the angles, with localized yielding only observed in the beam.  The 
second specimen, with a gage distance of 4 inches, showed limited yielding in the angle and also failed 
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by tension bolt failure.  The tension bolts were considered to be insufficient to allow formation of plastic 
hinges in the beam or the angles.  The test data is then compared to mechanical or phenomenological 
models developed by Frye and Morris (1975),  Ang and Morris (1984), Chen and Kishi (1989), and 
Richard and Abbott (1975).  The researchers concluded that there were significant differences between 
the thick angle behavior and the behavior predicted by the mathematical models that were calibrated 
based on flexible angles.  In addition, none of the models that were checked had the capacity of 
predicting the rotational behavior when tension bolt fracture governed the failure mode. 
 Abolmaali et al. (2009) studied the energy dissipation characteristics of semi-rigid connections, 
motivated by the fact that semi-rigid connections could dissipate energy without losing excessive 
stiffness and strength.  The test program included 48 specimens, covering various semi-rigid 
connections: bolted/bolted double web angle, welded/bolted double web angle, top and seat angle, 
flush end plate, and extended end-plate connections.  The failure modes for the top and seat angles 
were governed by excessive rotation due to either yielding of the angle or fracture of the bolts.  In 
addition, the main factor determining which failure mode governed was the relative thickness of the 
angle plate to the bolt diameter.  Thus, thick plates with small bolts caused bolt fracture, while large 
bolts with thin plates led to plate yielding.  Also, the bolt positioning, in terms of pitch and gage were 
significant parameters in the ductility of the connection.  The researchers concluded that all of the 
configurations showed similar energy dissipation characteristics, and that the energy dissipation 
capabilities of a connection could be tuned by adjusting the geometric properties of the connecting 
elements. 
In addition to the experimental studies of semi-rigid connections, some analytical studies can be 
considered as well.  Kishi and Chen (1990) applied mathematical models to fit the test data of semi-rigid 
steel connections, using a power model.  Kukreti and Abolmaali (1999) used 12 experimental results to 
develop analytical models of the moment-rotation hysteresis loop of the top and seat angle connection.  
These models provide no predictive information about the behavior of semi-rigid steel connections.  
However, Kishi et al. (2001) developed a three dimensional finite element model of the top and seat 
angle with double web angles, which could be used to study the behavior of the connection under 
various loading conditions.  The model was calibrated with previous test data, before being used to 
make predictive assessments of the connection’s behavior.  A significant deficiency in using semi-rigid 
frames to seismic design is identified to be the inability to accurately model the connections in the 
frames in a manner that allows designers to confidently use semi-rigid connections as part of the 
structural system.  The authors believed that an accurate finite element model would help designers to 
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integrate the semi-rigid connection into their design.  The stress distribution at the connection in its 
ultimate deformed configuration was discussed.  The beam was rotated such that the top angle was in 
tension and the seat angle was in compression.  The angles developed plastic yield lines and deformed 
inelastically, while the beam and the column remained elastic, except at localized regions immediately 
around the bolt holes.  This behavior showed that the ductility of a connection using top and seat angles 
with web angles could be achieved by large deformation of the elements in the connection and not the 
beam and the column.  Pirmoz et al. (2009) also developed a three dimensional finite element model to 
study the hysteretic behavior of bolted top and seat angle connections.  Using the available test data, a 
finite element model was formulated and tested.  The researchers studied the effects of axial load on 
the bolted connection behavior, and discovered that beam axial loads in tension might reduce the 
stiffness of the connection. 
The studies considered above provide some insight into the local behavior of the bolted top and 
seat angle with double web angles, especially with regard to the inelastic behavior of the connection 
elements.  If appropriately designed, local plastic hinges can be developed in the top or seat angle to 
allow large rotations prior to failure, indicating that the connection detail has ductile characteristics.  It 
was also found that bolted angles could provide stiffness and strength comparable to the welded 
alternatives.  Therefore, the component studies motivated further study of semi-rigid connections, 
especially trying to understand the behavior of steel frames with semi-rigid connections. 
2.4.2. Experimental studies of semi-rigid frames 
Experimental studies of semi-rigid frames are useful for understanding the effect of semi-rigid 
connections on the response of the structure during a seismic event.  The Northridge Earthquake caused 
unexpected structural behavior and local connection failures that resulted in unacceptable economic 
loss.  To avoid similar economic loss resulting from a deficient structural design, full scale dynamic 
testing of semi-rigid frames is important.  A few experimental studies of semi-rigid frames are presented 
in this section.  The ideal experimental test would be a full-scale dynamic test of a semi-rigid frame, so 
that actual frame behavior could be studied during a seismic event. 
The first experimental program was an early study of the effectiveness of using matrix analysis 
methods with semi-rigid connections to predict the displacements and moments of a frame as it 
deforms statically.  Stelmack, Marley and Gerstle (1986) implemented an experimental program that 
included component tests of top and seat angle connections, analytical modeling of a frame using the 
results of the component tests, and then experimental testing of an equivalent frame to check the 
accuracy of the analysis.  The experimental program was intended to validate the effectiveness of using 
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the moment-rotation relationships resulting from component studies to predict the behavior of semi-
rigid frames under static loads in the elastic range.  The test was a static test of semi-rigid frames, and 
validated matrix analysis methods implementing springs to model the semi-rigid connections. 
The next experimental program was a dynamic study of semi-rigid and rigid frames.  Nader and 
Astaneh-Asl (1991) performed shaking table tests of a single story steel frame with three levels of 
connection stiffness: flexible, semi-rigid, and rigid.  The structure consisted of two parallel frames, 
composed of W4x13 columns with W10x15 beams, with bracing connecting the two frames.  The 
authors observed that semi-rigid or flexible connections were avoided in seismic design because of the 
fear of excessive deformation and possible structural buckling due to second order load effects.  
However, the possibility of reducing the stiffness of the structure such that it attracted lower inertial 
forces made semi-rigid or flexible structures attractive, especially for low rise construction.  Therefore, 
the experimental program was intended to study the global response of the structure, in terms of top 
story drift and base shear, as well as capturing the force-deformation characteristics of the connections 
and their influence on the structure.  Each structure was shaken by three different earthquakes, with 
varying levels of peak ground acceleration.  Comparing the response of each structure to a selected 
earthquake, the researchers found that the rigid frame remained elastic, while the semi-rigid and 
flexible frames responded inelastically.  The base shear on the rigid frame was two and a half times 
greater than the base shear of the flexible frame, while the top story drift of the flexible frame was only 
30% higher than the rigid frame.  The semi-rigid frame had response values intermediate to the rigid and 
flexible frames.  The researchers observed that each structure responded differently to each 
earthquake, making generalizations difficult.  However, as the stiffness of the structure increased, the 
base shear that was imposed on the structure increased.  In addition, reducing the stiffness of the 
system did not necessarily mean that the top story drift increased.  Also, the non-linearity of the 
connection dissipated energy and reduced the stiffness of the structure, leading to lower inertial forces 
on the structure.  The research indicated that there was the possibility of designing an optimal structure, 
tuned to attract low inertia forces and yet remain within the displacement limits of a given design.  The 
authors concluded by observing that non-linear deformations could help steel low rise buildings cope 
with seismic events.  Their research motivates further study, in extending the one story small scale 
structure to a multi-story multi-bay, full-scale test to see if their results can be extended and validated.  
The shaking table test program and results were also discussed in Nader and Astaneh-Asl (1996). 
Nader and Astaneh-Asl (1992) provide a well developed and comprehensive discussion of the 
seismic design of semi-rigid steel frames.  According to code provisions, two uncertainties limit the use 
30 
 
of semi-rigid steel frames, the first being the ductility and rotational capacity of semi-rigid connections, 
and the other being the interstory drift behavior of semi-rigid steel frames.  The authors combined 
experimental analysis and analytical modeling to begin to provide recommendations for seismic design 
of low to medium rise semi-rigid steel frames.  The experimental analysis includes cyclic component 
studies of bolted connections and shake table testing of a single story structure, the test program for 
which was described in Nader and Astaneh-Asl (1991).   The authors studied the failure modes and 
ductility relationships for various types of bolted connections, and found favorable ductile and rotational 
capacity behavior.  The shake table tests were intended to study the relationship between the 
connection stiffness, base shear, and interstory drift of the structure.  One of the main conclusions was 
that well designed semi-rigid connections allowed non-linear deformation that helped the dynamic 
performance of low rise structures.  Also, more flexible structures exhibited lower base shears.  While 
reviewing the contemporary design codes, the authors pointed out that the connections were 
prohibited from contributing to the inelastic deformation of the frame or energy dissipation.  This 
requirement was met by ensuring that the connection remained elastic during the seismic event, so that 
the connection must develop the beam bending moment while in the elastic range.  This was achieved 
by full penetration welding of the beam flanges to the column, and in some cases connecting the beam 
web so that it participates in the moment transfer as well.  The detail described above is the typical 
welded-flange bolted-web detail used prior to the Northridge Earthquake.  Inelastic deformation was 
supposed to occur in the beam or in the column panel zone.  On the other hand, the design philosophy 
motivating semi-rigid connections was to supply ductility through inelastic deformation of the beam, the 
column panel zone, and the connection elements.  Therefore, the connection was carefully designed to 
ensure that ductile components deformed enough to satisfy ductility and rotational demands before any 
brittle elements in the connection could fracture.  Based on their experimental work, Nader and 
Astaneh-Asl (1992) found that semi-rigid connections could be designed to help absorb and dissipate 
energy during severe earthquakes, as well as providing sufficient rigidity to provide optimal stiffness to 
achieve drift limit states.  Nader and Astaneh-Asl (1992) proceeded with an analytical study of semi-rigid 
frames, modeling the connections as bi-linear curves.   The design philosophy adopted was that inelastic 
behavior would be concentrated into certain ductile elements in the connection, in which brittle failure 
modes were carefully avoided.  Among the connection types studied, the top and seat angle with web 
angles was found to be the most flexible, but displayed good energy dissipation characteristics under 
cyclic loads.  Of interest is that these top and seat angles with web angles also displays a distinct post 
yield increase in stiffness, attributed to catenary action of the top and seat angles as they switch from a 
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bending mode to a tension mode.  Conducting dynamic time history analysis of three frames, the 
researchers found that serviceability drift limits states could be satisfied by semi-rigid connections and 
ultimate drift limit states could also be satisfied for more severe earthquakes.  In addition, the 
connections were able to supply the required ductility and rotational capacity.  The authors point 
towards a need for more physical testing of semi-rigid frames, including shake table testing of multi-
story structures with various connection configurations and ground excitations. 
Elnashai, Elghazouli and Denesh-Ashtiani (1998) conducted an experimental program comparing 
the seismic behavior of rigid and semi-rigid frames and also comparing the behavior of semi-rigid frames 
with varying connection properties.  The semi-rigid frames were constructed using top, seat, and web 
angle details.  The tests consisted of eight full-scale two-story specimens, two of which had rigid 
connections and the rest with semi-rigid connections.  The tests were conducted under static, cyclic, and 
pseudo-dynamic loading regimens.  The researchers observed that the semi-rigid frames had lower 
lateral stiffness than rigid frames, resulting in larger lateral drifts under static loads.  However, under 
dynamic loads the lateral drifts of the semi-rigid frame was often less than that of the rigid frame, 
because the semi-rigid frame had a longer period of vibration, due to its flexibility, usually resulting in 
lower inertial forces being attracted to the frame.  Typical earthquakes have high dynamic amplifications 
at lower periods than the periods of the semi-rigid frames, so that the semi-rigid frames would be 
amplified less than a rigid frame with a shorter period.  In addition, the researchers considered the 
capacity design approach, which would relax the strong-column weak-beam design concept and result in 
a more economical design.  Instead of designing the beam to form a plastic hinge before exceeding the 
strength of the column, the capacity design approach would design the connection to form a plastic 
hinge before damaging the column.  The ductility of the top, seat, and web angle detail make it very 
suitable for designing a plastic hinge that shows stable hysteresis and energy dissipation characteristics. 
The experimental studies of semi-rigid frames indicate that the frames could be an attractive 
alternative to rigid frames, especially for applications of frames in low to medium rise construction.  
Even though large scale testing of semi-rigid frames is relatively limited, the tests indicate that semi-rigid 
frames can provide more favorable seismic behavior than the rigid frames.  The flexibility and inelastic 
action of the semi-rigid frames allows the frame to attract lower forces and to dissipate seismic energy 
in a controlled fashion.  The following section describes some analytical investigations of semi-rigid 
frames that are useful in understanding the predicted behavior of semi-rigid frames during seismic 
events. 
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2.4.3. Analytical investigations of semi-rigid frames 
Section 2.4.3 presents some analytical investigations of semi-rigid frames, describing the 
modeling technique of the researchers and then highlighting some of the key results from the modeling.  
The objective is to use the analytical investigations to understand more completely the seismic behavior 
of semi-rigid steel frames. 
Albermani et al. (1994) apply a dynamic planar frame analysis method that used a smooth 
connection model of the joint flexibility.  The authors noted that previous models of the moment-
rotation relationship used simple curves that did not accurately describe the smooth transition from 
elastic to plastic behavior, but usually have a sharp break due to an elastic-perfectly plastic assumption.  
Therefore, a simple model was presented that described a smooth transition from elastic to plastic 
behavior, suitable for dynamic or cyclic analysis which only required four parameters for 
implementation.  The model did not describe pinching or degradation characteristics of the moment-
rotation diagram.  The joint model was implemented as a two node, zero length element with three 
rotational degrees of freedom in conjunction with beam elements to construct planar frames that were 
suitable for non-linear dynamic analysis.  Among the results, it was observed that lateral deflections are 
reduced for high frequency excitations, but increased for low frequency excitation.  Adding flexible 
joints reduces the stiffness of the system, decreasing the natural frequency of the system and making 
the dynamic amplification of the structure more likely for low frequency excitation.  Although the 
authors do present and implement a smooth hysteresis model suitable for dynamic frame analysis, the 
model does not include degradation effects, such as pinching or stiffness and strength degradation, 
which are an important part in analysis the seismic response of steel frames.  The details of matrix 
analysis method implementation can be found in Albermani and Kitipornchai (1992).  
Zhu et al. (1995) used the same analytical methodology as described by Albermani et al. (1994) 
to analyze two structural configurations, one a portal frame and the other an asymmetric steel frame.  
Seven different connection types are applied, from very flexible single web angle configurations to a 
rigid T-stub connection.  The study verified that the dynamic response characteristics of the frames 
varied as the connection stiffness varied, in particular noting that the dynamic amplification shifts 
towards lower frequency as the stiffness of the structure decreases. 
Frye and Morris (1975) present a static analysis technique for semi-rigid steel frames, using a 
modified matrix analysis approach.  The authors noted that including the flexibility of the connection in 
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the analysis resulted in a redistribution of moments in the structure, as well as increased lateral 
displacements if lateral loads were present. 
Lui and Lopes (1997) formulated a dynamic matrix analysis approach that incorporated 
geometric non-linearity and a bilinear hysteresis model for the semi-rigid connections.  The frame was 
modeled as beam elements with nodal springs at the beam ends to simulate the semi-rigid connections.  
The stiffness of the columns was modified to account for geometric non-linearities.  The analysis 
technique was applied to a portal frame, which was reduced from a six degree of freedom system to a 
single degree of freedom system, using static condensation and assuming no axial deformation in the 
beam.  The analysis was first conducted with pluck tests, to study the effects of connection flexibility.  It 
was observed that as connection flexibility increased, the natural period increased, since the system 
stiffness decreased.  Also, if the critical damping ratio was held constant, the length of time before 
vibration ceased was longer for the more flexible frame.  However, if damping was held constant, the 
vibration of the more flexible connection would subside in fewer cycles.  In addition, the effects of 
geometric non-linearities could be observed as reducing the stiffness of the system, causing a longer 
natural period.  The effect of geometric non-linearities was more pronounced in the semi-rigid frame 
than in the rigid frame.  Noting the effects of the geometric non-linearities, the researchers observed 
that because the semi-rigid frames have longer periods, the design seismic forces can be lower, because 
of less spectral amplification.  However, because of geometric non-linearity, the semi-rigid frame could 
be less stable, requiring larger member sizes to maintain stability.  Therefore, using semi-rigid frames 
was a tradeoff between reducing seismic design forces and maintaining structural stability.  After 
conducting plucking tests, the researchers also subjected the portal frame structure to forced vibrations, 
in particular studying the base shear of the structure.  They found that the base shear was period 
dependent.  When comparing a rigid and a semi-rigid frame, it should be noted that the period of the 
semi-rigid frame will be longer, as observed above, because the system’s flexibility is lower.  Therefore, 
for low period forcing functions, the rigid frame will perceive higher base shear forces than the semi-
rigid frame, since it is in the region of amplification.  On the other hand, if the forcing function is in the 
long period range, then the response of the semi-rigid frame will be more severely amplified, since the 
period of the structure coincides with the period of excitation.  In general, using a flexible structure 
increased the distance between the predominant period of excitation and the period of the structure, 
resulting in lower base shear forces; however, it is very important to realize that this generalization is 
dependent on how the period of the structure and the excitation relate to each other. 
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Awkar and Lui (1999) extended the work of Lui and Lopes (1997) to multi-story structures.  The 
model used a matrix analysis that incorporated the connection flexibility and the effects of geometric 
non-linearities to study the planar behavior of steel frames.  An eight story structure was studied, using 
three types of connections (rigid, semi-rigid, and flexible) excited by two different earthquakes.  The 
analysis showed that the natural periods of a semi-rigid frame were more spread out than for a rigid 
frame.  The researchers also observed that as the structure moved from rigid to semi-rigid connections, 
the response shifted from a shear to a bending mode of deformation.  In addition, although the 
interstory drifts increased as the frame became more flexible, the total drift was not necessarily greater.  
Further, since the earthquakes considered had predominant periods in the low period range, the base 
shear of the structures was reduced, potentially leading to a more economical design if a semi-rigid 
frame was used instead of a rigid frame.  Lastly, the researchers observed that higher mode 
contributions increased as the flexibility of the structure increased, in some cases even observing that 
the second and the third modes had higher contributions than the first mode. 
 Salazar and Haldar (2001) performed a parametric study of the variation of energy dissipation, 
story drift, and base shear in steel frames as the rigidity of the beam to column connections was varied.  
The authors first developed a methodology for computing an energy balance, equating the input energy 
from the earthquake with various energy sinks within the structure, including elastic strain energy, 
kinetic energy, energy dissipated at plastic hinges, energy dissipated through viscous damping, and 
finally energy dissipated at the partially rigid connections.  The researchers constructed an analytical 
model using finite elements to carry out their research, utilizing a discrete piecewise linear spring model 
for the semi-rigid beam-column connection.  The spring did not model asymmetry, strength 
degradation, stiffness reduction, or pinching.  They verified the model by using it to replicate physical 
experiments carried out on semi-rigid structures in previous studies, before extending the model to 
provide a qualitative parametric study of connection flexibility on frame drift, base shear, and energy 
dissipation characteristics.  Three steel frames were modeled, consisting of one-story, three-story, and 
eight-story structures, corresponding to short, intermediate, and long period structures.  Each of the 
structures was studied as it was excited by nine earthquake time histories, which were scaled up or 
down to impose significant drift.  The connection stiffness in each structure was varied from very 
flexible, to moderately flexible, and finally a nearly fixed connection, effectively generating nine 
structures with variation in story height and connection stiffness.   The authors concluded that semi-
rigid connections did reduce the stiffness of the structure, but did not necessarily result in larger lateral 
drifts, while adding a significant sink for seismic energy and generally providing significant reductions in 
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the base shear a structure experienced.  The actual response of the semi-rigid frame was found to be 
intimately dependent upon the unique dynamic properties of the frame and the characteristics of the 
earthquake motion, necessitating detailed analysis for each semi-rigid frame prior to making simplifying 
assumptions.  The study lacked an accurate moment-rotation model of the connection and validation 
with experimental results, but provided a strong case for the possible benefits of semi-rigid steel frames 
and motivated the need for detailed, accurate, and yet simple analytical models of the connection. 
Foutch and Yun (2002) performed extensive modeling of a 9-story and a 20-story building and 
analyzed them statically and dynamically.  The structures were excited with two suites of ground 
motions, approximating near source earthquakes and earthquakes common to the California region.  
The structures were modeled with several different assumptions.  The first was a bare frame using 
centerline dimensions, similar to the typical design office model used for obtaining design moments and 
shears in a structure during the design process, which implemented non-linear springs for beam 
connections and included second order effects.  Three of the models used clear dimensions and 
modeled the behavior of the panel zone using non-linear springs and a special arrangement of rigid links 
to simulate the panel region.  The first had the non-linear springs for the panel zone and clear 
dimensions, providing a basis for the following models.  The second included an additional bay that 
simulated the effects of the gravity frames in resisting lateral load, a contribution that is frequently 
ignored.  The third was the same as the second, except that the connections between the gravity frames 
were modeled by a non-linear spring that accounted for the composite action of the slab.  Finally, the 
last two models were modified so that the effects of connection fracture could be studied.  The dynamic 
and static analysis of the models found that the models with interior gravity frames had less drift, since 
the gravity frames added to the lateral resistance of the system.  Not surprisingly, it was found that 
connections that fractured displayed less drift capacity and had larger drift demand than the 
corresponding ductile connections. 
This section described some of the literature available on analytical studies performed on semi-
rigid steel frames.  One of the key observations that can be gleaned from the analytical studies is related 
to basic structural dynamics: using semi-rigid connections allows the designer to adjust the stiffness of 
the structure, which in turn changes the natural periods of the structure.  On the other hand, seismic 
events have a predominant period.  If the natural periods of the structure and the seismic event 
coincide, then the structure will respond more severely to the seismic event, due to dynamic 
amplification.  Therefore, if the predominant period of an expected seismic event can be predicted, then 
the semi-rigid structure can be designed to avoid the predominant periods of the earthquake, leading to 
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a more economical design.  Further, reducing the dynamic amplification by using a more flexible 
structure can lead to a structure that has less drift than a stiffer structure, simply because the structure 
is amplified less by the seismic event.  In addition to tuning the structural response, semi-rigid 
connections also provide a localized region where inelastic deformations can be allowed.  Inelastic 
deformations reduce the response of the structure to the earthquake by dissipating energy that would 
otherwise remain in the system and cause the structure to respond more severely.  For example, if the 
system remained elastic, all the energy would be stored up in the elements and then returned to the 
system in the form of vibrations.  The inelastic deformations permanently remove energy from the 
structural system.  Therefore, analytical studies of semi-rigid frames indicate that semi-rigid connections 
can be used to tune the structure to have natural periods further from the predominant periods of the 
seismic event and also provide an important sink for seismic energy through inelastic deformations. 
2.5.  Identified Gaps in Knowledge 
The Northridge Earthquake provided some important lessons for seismic design.  One of the 
clearest lessons was using connection details that provided enough ductility, both at the component and 
material level, to avoid brittle failure modes.  The welded-flange bolted-web connection detail was an 
economical and simple detail, which provided inadequate material ductility in the region of the welded 
flanges.  The lack of ductility was not taken seriously until after the Northridge Earthquake, probably 
because of inadequate full-scale testing of the steel frames.  Therefore, another key point is the 
importance of full-scale testing of frames, using testing procedures that simulate as accurately as 
possible actual seismic events.  The full-scale tests should study the global behavior of the frame, as well 
as studying carefully the behavior of the connection, since it is commonly the weakest link in the 
structure.  The ductility, redundancy, and failure modes of the connection should be studied, to 
understand how the frame will behave in an extreme seismic event.  Global behavior that should be 
studied is the inertial force that the structure attracts and its drift behavior during the seismic event. 
The current study uses the hybrid simulation technique to conduct a full-scale seismic study of a 
semi-rigid frame.  The semi-rigid connection considered is the top and seat angle with double web 
angles detail.  The instrumentation setup for the current study measures detailed information about the 
local connection behavior during the earthquake, helping to assess the suitability of the connection 
detail for seismic events.  Also, an accurate phenomenological model of the semi-rigid connection is 
developed in the current study to allow researchers to study the global behavior of the semi-rigid 
frames under a variety of seismic events.  Therefore, the current study presents key extensions in the 
study of semi-rigid steel frames during seismic events. 
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2.6.  Summary of Literature Review 
Semi-rigid steel frames could potentially provide a ductile and economical structural system for 
seismic design of steel structures.  Prior to the Northridge Earthquake, the low ductility capacity of the 
moment frame connection detail was not widely recognized.  However, the Northridge Earthquake 
showed that the high ductility demand of earthquakes could cause brittle fractures in the connections, 
leading to unacceptable structural performance.  The unexpectedly brittle behavior of the steel frames 
in Northridge motivated more thorough testing of the moment-connection detail widely used, at the 
same time exposing the very low capacity of the connection for inelastic deformation and therefore 
ductile behavior.  Innovations following the Northridge Earthquake gravitated towards developing 
connection details that were ductile, avoiding brittle fractures, and which could accept inelastic 
deformation, so that energy could be dissipated in the connections.  Therefore, the possibility of using 
semi-rigid frames received favorable attention, despite concerns that the more flexible semi-rigid 
frames would not be able to satisfy drift limits and would be more prone to collapse during an extreme 
seismic event.  Studies of semi-rigid frames indicate that they attract lower inertial forces, partly due to 
longer periods that can avoid dynamic amplification, and that they can deform in a ductile fashion, 
dissipating seismic energy. 
The current study proposes to use full-scale hybrid simulation, coupled with detailed 
instrumentation of a semi-rigid connection, to study the behavior of semi-rigid frames in earthquakes.  
Also, an accurate phenomenological model is proposed, which would allow for further dynamic study of 
semi-rigid frames in a variety of seismic events.  
38 
 
3. EXPERIMENTAL SETUP 
Chapter 3 introduces and describes the experimental setup used to test the top and seat angles 
with double web angles connection.  Section 3.1 briefly describes the full-scale hybrid simulation testing 
technique, motivating the benefits of using this testing technique to measure and test the seismic 
behavior of the semi-rigid frame during a seismic event.  Section 3.2 focuses on the physical component 
of the testing setup, describing in some detail the instrumentation used to measure and collect data 
during the simulation.  The section on instrumentation introduces the instrumentation plan and 
describes the validation techniques for ensuring that all the sensors were operating correctly, prior to 
executing the actual experiment.  The experimental setup chapter introduces the specific hybrid 
simulation framework adopted in this experiment, as well as describing in detail the instrumentation of 
the physical subcomponent of the hybrid simulation. 
3.1.  Full-Scale Hybrid Simulation 
The full-scale hybrid simulation framework adopted for the testing of semi-rigid steel frames in 
this experimental setup allows for an accurate representation and testing of the full-scale behavior of a 
semi-rigid frame during a seismic event.  This section will first introduce and describe the hybrid 
simulation technique, covering the terminology of this particular testing method, as well as motivating 
the use of hybrid simulation.  Then the prototype structure studied will be presented and briefly 
described, introducing the layout of the frame and providing the dimensions of structural members, as 
well as the assumed loading conditions.  Lastly, the substructuring of the semi-rigid frame into an 
analytical and physical component will be shown. 
3.1.1. Overview of hybrid simulation technique 
The hybrid simulation technique unites the power of analytical modeling with physical testing so 
that the response of a structure to a seismic event can be studied.  The displacement response of the 
structure to a seismic event is computed analytically, by integrating the equation of motion of the 
structure, and then the predicted displacements are imposed on a specimen.  The specimen can either 
be an analytical model or it can be a physical test specimen.  The specimen, either analytical or physical, 
returns a restoring force that reacts against the imposed displacement.  The restoring force is integrated 
with the equation of motion, and the next displacement increment is computed and imposed on the 
specimen.  Hybrid simulation uses integration of the equation of motion to predict displacements, and 
uses the force feedback from the specimen along with the equation of motion to predict the next target 
displacement.  In this manner, actual stiffness characteristics of the specimen can be included in the 
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computing target displacements, while realistic displacement histories related to the seismic event are 
used for the displacement loading protocol. 
Thus, a twofold improvement over traditional testing techniques is achieved by using hybrid 
simulation.  Firstly, analytical modeling is often limited by its inability to predict the changing stiffness 
characteristics of a structural system, especially as load reversals occur and damage accumulates in the 
structure.  Analytical modeling is very good for predicting structural behavior in the linear elastic range, 
but is often inadequate in predicting how damage affects the behavior of a structure.  The reaction of 
the structure to displacements, directly related to the stiffness of the structure, is often one of the more 
sensitive parameters when performing analytical modeling.  The other primary parameters, such as the 
mass of the structure or the damping of the structure may not change very much as damage 
accumulates, so they can be more accurately modeled analytically and errors in modeling these 
characteristics will not cause as much inaccuracy in the predicted results.  Thus, hybrid simulation 
removes the stiffness component from the analytical model, and replaces it with a physical component 
that actually accumulates damage as the displacement increments are imposed on it, for which the 
stiffness is directly related to the condition of the physical specimen.  On the other hand, the second 
improvement is that the physical substructure is not tested statically or with a predefined cyclic load, 
but is tested with realistic displacement histories directly related to the earthquake ground motion and 
the characteristics of the structure that is being modeled.  Thus, the behavior of the physical component 
under realistic loading conditions can be observed.  Hence, hybrid simulation reduces the uncertainty of 
analytical modeling by including physical behavior in the analysis, while improving the traditional 
physical testing procedures by imposing realistic displacement histories on the test specimen. 
As described earlier, hybrid simulation implies integrating the equation of motion for a 
structural system and sending the predicted displacements as targets to a specimen and receiving the 
restoring forces back from the specimen.  It was also observed that the specimen could either be a 
physical test specimen or an analytical model, in a finite element program, for example.  Another 
observation to consider is that non-linear behavior in a structure is often concentrated at discrete 
locations within the structure.  For example, in the fully welded moment-frames, plastic hinges were 
expected to form in the beam ends, while the rest of the structure continued to behave linear 
elastically.  Or in the case of the semi-rigid connections being studied in the current work, the inelastic 
behavior is expected to be concentrated in the connecting elements.  Taking advantage of this observed 
behavior allows for another powerful advantage of hybrid simulation, in that multiple substructures are 
possible.  Thus, a single structure can be broken down into multiple substructures, so that 
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displacements found from the equation of motion are sent to multiple substructures, and restoring 
forces are received back from each, with displacement and force compatibility imposed at the interface 
points between each substructure.  Taking advantage of the substructuring technique allows for 
significant reductions in the size of the physical substructures that are tested during the hybrid 
simulation, since all portions of the building that are expected to behave elastically can be modeled in a 
finite element model, which is very accurate in linear modeling, while the regions that are expected to 
behave plastically can be tested with a physical specimen.  The substructuring technique is used in the 
current work, where the majority of the system is a detailed finite element model and one of the 
connections is considered as the physical substructure.  Besides improving the analytical modeling of a 
system by incorporating a more accurate representation of the stiffness of the system, hybrid simulation 
also allows for the division of analysis between finite element models or physical experiments, reducing 
the cost of full-scale experiments but still maintaining the accuracy of localized inelastic behavior. 
The hybrid simulation technique has been developed and tested in previous experiments at the 
University of Illinois at Urbana-Champaign.  Carrion and Spencer (2007) describes developments in real 
time hybrid testing, where rate dependent effects of a structural system can be considered with hybrid 
simulation because the simulation runs in real time.  A detailed description of the numerical algorithm 
used to conduct the hybrid simulation is also included.  Nakata, Spencer and Elnashai (2007) is mainly 
concerned with developing control algorithms for the actuators used during hybrid simulation, but 
includes an example of hybrid simulation applied to a skew bridge.  The substructuring technique was 
used in the hybrid simulation by modeling the foundation and superstructure of the bridge with a finite 
element program, while one of the piers was tested as a physical test specimen.  Pearlman et al. (2004) 
describes a distributed hybrid simulation experiment conducted between the University of Illinois at 
Urbana-Champaign and the University of Colorado at Boulder.  The experimental setup described 
therein illustrates another powerful advantage of substructuring, since the simulation coordinator and 
specimen substructures were distributed geographically, while linked together in the simulation using 
internet communications.  Hybrid simulation tests have also been conducted elsewhere.  For example, 
Ohi and Jae-Hyoukchoi (2006) conducted a hybrid simulation test of extended and flush end plate semi-
rigid connections. 
The hybrid simulation technique described in this section was implemented into the 
experimental program to accurately evaluate the seismic behavior of semi-rigid frames.  The 
substructuring technique was implemented with a detailed finite element model of most of the frame 
structure, complemented with a physical substructure consisting of one of the semi-rigid connections 
 expected to sustain the most inelastic behavior.  The prototype frame
will be considered in the following sections.
3.1.2. Prototype structure 
The prototype steel frame considered in the experimental analysis of semi
shown in Figure 2.  The lateral load resisting systems are special moment
W18x40 beams and W14x159 columns.  The frame is four bays wide longitudinally, two bays deep 
transversely, and two stories high.  The moment
the two middle bays in the longitudinal direction.  The remaining columns at the ends and in the interior 
of the frame are gravity only columns that do not contribute to the lateral load capacity of the system.  
The dimensions of the structure can be seen in 
story is 13.5 feet tall.  The span between all the bays is 30 feet.  The lateral load resisting system was
designed according to the Structural Seismic Design manual, Volume 3 (IBC 2006).  The connections 
were designed with the Eurocode 3, to provide a capacity of 30% of the plastic moment capacity of the 
beam.  See Mahmoud (2010) for further details of the design of the structural system.
Figure 2. Plan view and elevation 
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 and its component substructures 
 
-rigid steel frames is 
-resisting frames consisting of 
-resisting frames are on the perimeter, and consist of 
Figure 2.  The first story is 15 feet tall, while the second 
 
of the prototype structure (Mahmoud 2010)
 
 
 
 Table 1. Frame loads considered 
Roof Loads (psf) 
Dead Load Live Load
62 20 
 
The loads considered on the frame 
live load and dead load respectively were considered when designing the frame for strength.  However, 
in determining the seismic mass for the earthquake, factors of 0.25 and 1.0 for live load a
were used, respectively.  The actual expected dead load is used when determining the mass that will act 
during the seismic event, while only 25% of the live load is used.  The reduction in live load is allowed for 
two reasons: firstly, the probability that all the predicted live load will occur at the same instant as the 
earthquake event is low, and secondly, a significant portion of the live load will not be attached to the 
structure, so that it will not contribute to the mass of the structure
load elements not fixed to the structure will act out of phase with the structure, and will not contribute 
to developing seismic forces on the structure.
The details of the connection are shown in 
steel, while the beam and column are A992 steel.
Figure 
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(Mahmoud 2010) 
Floor Loads (psf) 
 Dead Load Live Load 
69 80 
are given in Table 1.  Typical load factors of 1.6 and 1.2 for 
 responding to the earthquake.  Live 
 
Figure 3.  The steel material for the angles is A36 
 
3. Detail of connection geometry 
Misc (psf) 
Fascia Panels 
10 
nd dead load 
 
43 
 
 The prototype frame, loads considered on the frame, and the typical connection detail for the 
special moment-resisting frame were described in this section.  After establishing the prototype 
structure, the next step is to determine the most efficient and accurate method for studying the seismic 
behavior of the structure.  Taking advantage of the substructuring technique of hybrid simulation allows 
for a cost effective and yet accurate method for conducting a full-scale analysis of the frame being 
considered.  The substructuring methodology will be described in the following sections. 
3.1.3. Substructure components 
The substructuring technique of hybrid simulation allows for the combination of detailed finite 
element analysis and physical experiments, which interact to produce an accurate representation of the 
frame’s seismic response.  Finite element analysis is very accurate for elastic analysis, but has difficulty 
predicting behavior after damage has begun to accumulate in elements that have been loaded beyond 
their elastic range.  On the other hand, physical experiments show how the actual damage accumulation 
occurs.  However, physical experiments are difficult to set up and test, while also being very expensive 
to use for parametric studies.  Thus, physical experimentation is the most accurate method for studying 
the seismic behavior of a frame, but it is unwieldy and expensive for conducting parametric studies.  In 
the current study, hybrid simulation is used to combine the two analysis methods, linking a detailed 
finite element model and an experimental subcomponent.  These two substructures are described in 
this section. 
3.1.3.1. Analytical component: full-scale semi-rigid ABAQUS frame 
The analytical component of the hybrid simulation is described in this section.  The analytical 
component consists of a refined and detailed finite element model of the special moment-resisting 
frame.  The finite element model is a two dimensional representation of the frame.  The finite element 
model was developed in ABAQUS, using contact elements between the angles and the beam and 
columns.  The bolts are modeled using springs with appropriate force to displacement relationships.  
The details of the finite element model can be found in (Mahmoud 2010). 
Figure 4. shows a screen shot of the analytical model at a step during one of the hybrid 
simulation trials.  The model uses a refined mesh at the connection location, with simple beam elements 
linking each of the connections.  A zoomed in view of the connection detail is shown in Figure 5..  Note 
in Figure 4. that there is a connection missing at the left end of the first floor.  This is the connection that 
was selected as the experimental component of the hybrid simulation.  Displacement and force 
compatibility is imposed at the cut points between the finite element component and the experimental 
 component during the simulation.  The next section will introduce the experimental component of the 
hybrid simulation. 
Figure 4. Analytical component modeled in ABAQUS
 
Figure 5. Close up of the connection model used for the analytical component
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 (Mahmoud 2010)
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3.1.3.2. Physical component: full-scale beam-column connection 
The experimental component of the hybrid simulation is shown in Figure 6..  As described 
before, the displacements at the interface points between the physical component and the analytical 
component are compatible, while force equilibrium is also imposed.  Note that the base of the column is 
fixed to the strong floor, so relative displacements had to be imposed at the other two locations.  The 
displacements are imposed using the Load and Boundary Condition Boxes (LBCBs) attached to the end 
of the beam and the top of the column. 
The non-linear behavior of the connection is studied in detail using the physical substructure in 
Figure 6..  The connection will respond as though it were actually a part of the frame in Figure 4. 
undergoing a seismic event.  The connection behavior can be measured and quantified in great detail 
under controlled laboratory conditions, and accurate assessments of the seismic behavior of bolted top 
and seat angle with web angle connections can be made. 
 
Figure 6. Physical substructure for hybrid simulation 
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   The substructures used in the hybrid simulation evaluation of the seismic behavior of the 
prototype special moment-resisting frame were introduced in these sections.  The finite element model 
and physical substructure are full-scale specimens that are being studied during a seismic event.  While 
the frame does not include the effects of slabs and only considers the planar behavior of the frame, the 
experimental setup allows for the unique full-scale study of the seismic behavior of a steel frame during 
a seismic event without using a shaking table or a complete full-scale model.  The next sections will 
discuss the detailed instrumentation of the physical component, which allowed for a very detailed 
analysis of the non-linear behavior of the connection during the seismic event, while also providing data 
for developing a more refined finite element model of the connection. 
3.2.  Instrumentation of Physical Component 
Section 3.2 will discuss the instrumentation of the physical component of the hybrid simulation 
experiment.  The instrumentation provides very detailed data related to multiple aspects of the 
behavior of the connection during the experiment.  For example local connection behavior is measured, 
like strain distribution in the angles or bolt slip.  Global behavior, such as the displacement of the control 
points or the hysteretic moment-rotation relationship of the connection, is also measured.  The details 
of the instrumentation plan are discussed in this section.  First the instrumentation plan will be formally 
introduced, showing the types of instrumentation and behavior that is being measured on the physical 
component.  Figure 7 shows the connection fully instrumented.  The second section will discuss the 
validation techniques to verify that each instrument was operating correctly prior to conducting the 
actual experiment.  Thus, the instrumentation setup and validation is described in the following 
sections. 
3.2.1. Instrumentation plan 
The following sections describe in detail the instrumentation plan implemented to collect 
detailed data related to the behavior of top and seat with web angle connections.  The global 
parameters of the physical substructure that are measured include displacement, rotations, forces and 
moments of the control points, displacement along the length of the column, and the moment-rotation 
behavior of the connection.  In addition to the global parameters measured, local behavior is studied in 
a more comprehensive manner than in any other top and seat with web angle connection test 
performed in the past.  The strain distribution across the angles is measured by a detailed array of strain 
gauges, the slip of the bolts is measured by displacement transducers, the open and closing behavior of 
the top angle is measured with sophisticated optical devices, and panel zone deformation is measured 
with linear potentiometers.  Therefore, the seismic behavior of a top and seat with web angles 
 connection can be studied in great 
connection behavior. 
Figure 
3.2.1.1. Introduction of naming conventions
The number of sensors being used required that a simple but well organized naming convention 
be adopted, such that the sensors could be labeled and organized during installation.  A good 
convention will also make the post-
interpreted.  Therefore, a simple naming convention was developed for the current project.
Except for a few instances, the naming convention was
test number, since there were three tests.  The second entry refers to the type of sensor being used, for 
example, linear pot or string pot.  The third entry is the general part of the physical substructure tha
sensor is attached to.  The fourth entry is the subpart of the part that the sensor is attached to.  Finally, 
the numeric entry at the end is the unique sensor number that identifies the sensor from the rest of the 
sensors. 
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depth and detail from global frame behavior to very detailed local 
7. Instrumentation of connection 
 
processing of the data simpler, since a sensor name could be directly 
 organized as follows: the first entry is the 
 
naming 
 
t the 
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Thus, the sensor 1-LP-C-W-39 is being used for the first test, is a linear pot, is mounted on the 
column, in the web, and it is designated as sensor number 39.  Or sensor 1-SG-TA-CF-41 is being used for 
the first test, is a strain gauge, mounted on the top angle, column flange leg, and is uniquely designated 
by the number 41.  For the rosette strain gauges, an additional designation was added after the subpart 
entry, to indicate the orientation of the strain gauge.  Therefore, 1-SG-FWA-BW-D-114 is being used for 
the first test, is a strain gauge, mounted on the front web angle, beam web leg, in the diagonal direction, 
and is uniquely identified by the number 114. 
Tables 2 through 5 provide the abbreviations used to designate the sensors. 
Table 2 - Abbreviations for instrument type 
Abbreviation Instrument 
LP   Linear Pot 
SP   String Pot 
IN   Inclinometer 
SG   Strain Gauge 
EXC   External Power Supply (Excitation Voltage) 
 
Table 3 - Abbreviations for structural part 
Abbreviation Structural Part 
B   Beam or Base (linear pots refer to base) 
C   Column 
F   Fixed (reference column or strong floor) 
FWA   Front Web Angle 
BWA   Back Web Angle 
TA   Top Angle 
SA   Seat Angle 
 
Table 4 - Abbreviations for structural sub part 
Abbreviation Structural Sub Part 
F   Flange 
W   Web 
CF   Column Flange 
BW   Beam Web 
 
 Table 5 - Abbreviations for 
Abbreviation
H 
V 
D 
 
For the majority of the sensors, the naming convention described provides good organization 
and the ability for the user to look at a 
located and what it is measuring.  There are a few sensor names that can be unclear, so the unique 
sensor designation number and the as
function of the sensor.  Detailed pre
and organization of the sensors, as well as providing post
location of each sensor installed. 
Figure 8. Example of instrumentation plans developed for sensor installation
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orientation of strain gauge rosettes 
 Orientation 
  Horizontal 
  Vertical 
  Diagonal 
sensor name and immediately identify where the sensor is 
-built plans can provide guidance on the physical location and 
-construction plans were developed to guide the instrumentation 
-construction as-built plans, showing the 
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Figure 8 shows an example of an instrumentation plan for the front web angle.  The plans 
include detailed pictures that indicate the appearance of the instrumentation, to help the person 
installing the gauges to check for clearance issues and to sequence the installation appropriately so that 
all the gauges are mounted.  The instrumentation plans also show the gauge labels, which are indicated 
in the pictures, so that there is no confusion about where each gauge is mounted.  The physical channel 
through which the gauge is connected to the data acquisition software is also clearly indicated, as well 
as the serial number of the gauge and any calibration data unique to the particular sensor.  Therefore, 
the instrumentation plans provide very comprehensive and detailed instructions for the installation and 
erection of all of the instrumentation involved in the data acquisition. 
The instrumentation convention and plans have been introduced in this section.  The following 
sections will provide brief overviews of the parameters measured on the connection, as well as the 
sensor setups that measured the parameters.  First the local connection will be considered, and then the 
global behavior of the entire substructure will be described. 
3.2.1.2. Angle behavior: strain distribution, bolt slip, panel zone distortion 
The strain gauges were arranged to measure stresses at the most highly stressed locations of 
the angles.  The arrangement of strain gauges for the front web angle is shown in Figure 9 as an 
example, and indicates the thoroughness with which the local strain behavior of the angles is measured.  
The front web angle is one of the web angles in the beam web, so the angle will be most highly stressed 
in the material between the root of the angle and the bolts, as the beam goes through large rotations.  
As can be seen in Figure 9, a cluster of rosette strain gauges are arranged at the region expected to be 
most highly stressed as the beam and column separate from each other and the angle is forced into a 
twisted configuration.  The back web angle is similarly instrumented. 
 
Figure 9. Strain gauge arrangement on the front web angle 
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While the stress distribution of the web angles is expected to be two dimensional, the top and 
seat angle are expected to have little out-of-plane stress.  Therefore, single strain gauges are used, 
instead of rosette strain gauges.  The strain gauge arrangement for the top angle is shown in Figure 10.  
As can be seen, no out-of-plane strain measurements are being recorded, since only in-plane strain is 
expected to be significant.  The stress distribution across the width of the angle can be checked using 
the strain gauge distribution in Figure 10.  The strain gauging of the seat angle is similar to that of the 
top angle. 
 
Figure 10. Strain gauge arrangement on the top angle 
In addition to measuring strain distributions on the angles, the instrumentation has been set up 
so that the slip behavior of the bolts can be measured also.  Figure 11 shows how linear pots have been 
attached to each of the bolt heads on the front web angle.  The linear pots are arranged such that the 
slip of the bolts relative to the angle and relative to the beam can be measured in a two dimensional 
planar motion.  The bolt heads on the beam leg have linear pots attached to them in two perpendicular 
directions, providing the planar movement of the heads.  The bolt heads on the column leg have only 
the vertical displacements measured; the horizontal measurements are being taken on the back web 
angle.  The assumption is that the slip behavior will be the same for the front and the back angles, so 
that measuring the horizontal slip on the front or back angle does not make a significant difference.  
Measuring on the back angle is preferred to keep the front web angle from becoming excessively 
cluttered with instrumentation. 
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Examining Figure 11 in detail shows that the slip of the web angle is measured relative to the 
beam and column with three linear pots.  Then the slip of the bolts with respect to the column or beam 
is measured by seven linear pots, while the vertical slip of the bolts is measured with three LVDTs.  With 
these measurements, the planar slip of the bolts with respect to the column or beam, or with respect to 
the angle, can be computed. 
 
Figure 11. Linear pots on the front web angle 
The slip of the top and seat angle bolts is measured by a similar arrangement of linear pots, as 
shown in Figure 12.  As with the strain gauges, little out-of-plane slip is expected, so only the in-plane 
slip is measured.  Once again, the slip of the angle with respect to the beam or column is measured, with 
the slip of the bolts being measured with respect to the beam and column as well.  Thus, the slip of the 
bolt heads with respect to the beam or column, or with respect to the angle can be computed.  This kind 
of detailed measurement of slip has never been gathered for top and seat angles with web angles during 
a seismic event.  The detailed instrumentation of the beam-column project is part of the unique 
contributions of the project to the knowledge base of seismic studies. 
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Figure 12. Linear pots on the top angle 
A final local connection parameter measured during the test is the panel zone deformation of 
the column web, where the beam will create a force couple on the column.  Two linear pots, as shown in 
Figure 13, will measure the distortion of the corners of the panel zone, providing a measure of the 
distortional behavior of the column panel zone during the seismic event. 
 
Figure 13. Linear pots measuring panel zone deformation 
This section has provided a summary of the instrumentation used to measure the local 
connection behavior, especially strain distribution, bolt slip, and panel zone deformation.  The strain 
distribution of the front and back web angle is measured with strain gauge rosettes at the most highly 
stressed regions, such that the planar stress distribution of the angles can be studied.  The strain 
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distribution across the width of the top and seat angles is measured in the plane of the specimen, since 
little out-of-plane deformation is expected.  The slip of the bolts is measured in an analogous manner; 
the front and back web angles provide the planar slip of bolts, while the slip of the top and seat angles is 
only measured in the plane of the specimen.  The strain and slip measurements recorded by this hybrid 
simulation test is at a level of detail not achieved in past tests.  In addition to strain and slip, the panel 
zone deformation of the column is also measured using an arrangement of linear pots.  Therefore, using 
a combination of linear pots, LVDTs, and strain gauges, the local behavior of the top and seat angle with 
web angles is measured in detail during the simulated seismic event. 
3.2.1.3. Krypton displacement field 
One of the data acquisition systems used in the experiment is a Krypton system that provides 
high resolution three dimensional displacement measurements of light emitting diodes (LEDs), which 
can be used to reconstruct the displacement field of a complex object.  The Krypton system is used to 
measure both the displacement of the beam and the column flanges and the local opening and closing 
behavior of the top angle with respect the beam and column flanges, as shown in Figure 14.  As Figure 
14 shows, evenly spaced LEDs along the flanges of the beam and column provide data required for 
studying the actual deformed shape of the beam and column connection.  Further, the dense array of 
LEDs at the beam and column interface with the top angle will provide high resolution displacement 
data of the separation behavior of the connection. 
 
Figure 14. Krypton LEDs measuring displacement field 
3.2.1.4. Moment-rotation instrumentation 
A final local connection parameter measured during the hybrid simulation is the moment-
rotation hysteresis loop of the semi-rigid connection.  Since the moment-rotation behavior is one of the 
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most significant parameters being studied in this experimental setup, there are two redundant methods 
for measuring the relative rotation of the beam and column.  The primary system utilizes very precise 
linear potentiometers.   The ends of the linear pots are attached perpendicular to the column and 
parallel to the beam, so as the column and beam rotate with respect to each other, one linear pot will 
contract while the other extends.  The difference in displacements divided by the vertical distance 
between the linear pots will provide a precise measurement of the relative rotation of the connection.  
Figure 15 shows the schematic for the erection of the linear pots.  A rigid bar was used to fix the ends of 
the linear pots above and below the beam.  Small seats were installed on the column to mount the 
other end of the linear pot.  The linear pots provide very precise measurements, better than 0.001”, so 
they provide the primary method for measuring the relative rotation of the connection. 
 
Figure 15. Linear pots measuring the relative rotation of the beam and column 
The secondary system for measuring the relative rotation of the beam and column utilizes 
inclinometers.  The inclinometers are not expected to be as precise as the primary system with linear 
pots, but their use provides a level of redundancy to the test setup.  One inclinometer is mounted at the 
center of the panel zone, while two other inclinometers are mounted on the beam web.  Assuming that 
the beam cross-section deforms according to the Euler-Beam assumptions, plane sections should remain 
plane, so that the beam inclinometers should measure the same value.  The inclinometer in the column 
web will measure the absolute rotation on the center line of the column, while the beam inclinometers 
will measure the absolute rotation of the cross-section of the beam.  The relative rotation will be 
obtained by subtracting the beam rotation from the column rotation.  Figure 16 shows schematically 
how the inclinometers are arranged. 
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Figure 16. Inclinometers measuring the relative rotation of the beam and column 
As mentioned the relative rotation of the beam to column semi-rigid rotation is measured 
redundantly by using an arrangement of linear pots and inclinometers.  The intent is to be able to plot 
the moment-rotation hysteresis loop of the connection as the seismic event progresses.  The moment is 
measured using the reactions measured by the LBCB on the end of the beam.  Using principles of statics, 
the moment at the connection can be computed knowing the distance from the connection to the LBCB 
and the reactions at the LBCB.  Thus, the forces measured at a step can be plotted against the relative 
rotation of the connection, so that the hysteresis loop can be derived. 
3.2.1.5. Column and beam displacement and strain measurements 
Horizontal displacements are measured along the height of the column, to give the deformed 
shape of the column during the seismic event.  The horizontal displacement is measured at three 
locations, at the top and bottom of the column, as well as at the connection location.  Figure 17 shows 
the schematic arrangement of the sensors.  The sensors are high tension string potentiometers, which 
provide measurements precise to 0.001”. 
Another displacement field measured is the column base plate, where the column is fixed to the 
strong floor of the lab facilities.  Linear potentiometers are set up to measure the slip or rotation of the 
base plate, to verify that the base plate remains fixed during the simulation. 
In addition to the displacements of the column, strain gauges are also installed on the column 
and the beam to monitor the stresses at critical locations.  The behavior of the column and beam is 
expected to remain elastic, so the gauges are intended to verify that the cross-sections with the highest 
stress concentrations remain elastic.  Strain gauges are located on the column at the top and bottom, as 
 well as at the connection, all cross
gauges are distributed on the beam at 
are located on center lines of the column or beam flanges, which are the locations of maximum strain.
Figure 17. String pots measuring sway of the column
3.2.1.6. External control instrumentation
The displacements and rotations of each of the control points are measured by a system of 
sensors.  These sensors constitute the external control system, providing a system that is independent 
of the LBCBs to ensure accurate displacements of the control po
discussed later in the software development section.  The sensor group consists of six high tension string 
potentiometers.  The string pot arrangement is shown in Figure 16.  The planar motion of both LBCBs is 
required for this experiment, so three sensors were required for each LBCB.  One sensor measures the 
transverse displacement of the LBCBs, while two sensors are coupled to measure the axial displacement 
of the LBCBs.  These coupled string pots are also able t
the relative displacement between the two points and the distance between them gives rotation.  As 
shown in Figure 18, each sensor is attached to the LBCB and to 
the strong wall, a reference column fixed to the strong floor, or directly attached to the strong floor.  
The locations of the ends of the string pot strings are measured and recorded for each test, and the 
changes in length are used to compute the rigid body motion of the LBCB.
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Figure 18. String pots measuring displacement of the control points 
Forces are measured by load cells mounted on the six actuators of each of the LBCBs.  The 
forces are converted into Cartesian coordinates by the control system before being sent to the data 
acquisition software.  Thus, the axial and shear forces and moments are measured by the LBCB’s built in 
load cells.  The reaction at the base of the column, which is fixed to the floor, is determined by using 
equations of static equilibrium. 
3.2.2. Sensors: properties, installation, and accuracy checks 
This section will provide a detailed discussion of the instruments used for the current test.  The 
instruments used for the test are strain gauges, linear pots and LVDTs, string pots, inclinometers, and 
cameras.  Strain gauges were used on all components of the specimen, including the beam, column, and 
angles.  Linear pots and LVDTs were used to measure the displacement of the column base, the slip of 
the bolts in the connection, and the relative rotation of the beam and the column.  String pots were 
used for external control and to measure the horizontal displacement of the column.  Inclinometers 
were used to measure the rotation of the beam and the column, providing another measure of the 
relative rotation of the beam and the column.  Finally, cameras are included in the instrumentation class 
since they are used to collect images of the specimen. 
3.2.2.1. Strain gauges 
The strain gauges used for the beam column project were distributed by Texas Instruments, 
produced by the Japanese company Tokyo Sokki Kenkyojo.  Two classes of strain gauges were used, one 
type intended for taking high strain measurements, and the other intended for low strain applications.  
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Rosettes and single element gauges were used in both types.  The YEF series, for measuring high strain, 
can measure strains of 10% or 15%.  Assuming that the yield strength of the angles is 36 ksi, the yield 
strain is 0.12%, so the gauges can measure 80 to 120 times the yield strain of the angles.  Thus, the 
angles use the high strain gauges, since large amounts of inelasticity are expected on the angles.  On the 
other hand, the beam and column are expected to remain elastic, so the general purpose FLA type strain 
gauge was used.  All of the gauges were pre-wired, so that the gauges were glued to the specimen using 
adhesives and then plugged in to the data acquisition system, without requiring any soldering or 
welding.  All of the gauges used are quarter bridge types, with a three wire configuration that allows for 
temperature compensation as the resistance in the lead wires changes.  The temperature compensation 
property was not used during the experiment. 
Each strain gauge was installed following a rigorous procedure.  The strain gauges are high 
precision instruments, so careful installation is required so that they are not damaged during installation 
or installed on a dirty surface that will prevent them from measuring changes in strain accurately.  The 
surface is first cleaned using a Dremel tool, a handheld grinding tool, in successive degrees of grit 
refinement.  The surface is first ground smooth and clean of rust and dirt with the 60 grit grinding wheel, 
and then all grooves are removed with the 120 grit grinding wheel.  After using the 60 and 120 grit 
grinding wheels, the surface should be completely smooth with no small crevices or flaws in the steel.  
Finally, the 320 grit polishing wheel is used to finish the surface.  These three degrees of grinding 
refinement provide a smooth surface without flaws for installing the gauges.  The surface should feel 
completely smooth to the touch after the polishing is finished. 
After grinding the surface, the location of the strain gauge should be marked with a ball point 
pen.  If adequate force is applied, the pen will leave a mark on the steel that can be seen after the ink 
has been cleaned away.  Adequate lighting is required to ensure that the mark can be clearly seen 
during the entire installation process, so that the gauge is installed in the correct location. 
The next step is to ensure that the surface is clean.  Acetone or a combination of a conditioner 
and neutralizer can be used to clean the surface of all oil and grit.  Kimwipes or a similar type of wipe is 
used to apply and remove the cleaning agents.  The main requirement for the wipes is that they do not 
leave residual material when used.  If the conditioner and neutralizer are used, then the conditioner is 
first applied to the entire surface.  Then the conditioner must be completely removed with the 
neutralizer.  Once the surface is completely dried after applying the conditioner and neutralizer, the 
surface is ready for installing the gauge.  The surface should not be touched after it has been cleaned 
with the conditioner. 
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Since the strain gauges were installed on the beam column project after it was erected, many of 
the gauges were very difficult to install.  Therefore, installation tape was used to help make the 
installation easier.  The strain gauge was removed from its packaging, and then placed on a clean glass 
surface, such as a mirror.  The mirror was cleaned by the same sequence of conditioner and neutralizer 
described earlier.  After making sure that the gauge was lying so that it would be right side up after 
being installed, the installation tape was placed on the gauge in such a way as to not bend the gauge.  
The installation tape then allows the gauge to be positioned and taped down in its final location without 
being permanently glued in place. 
Once the gauge is taped in its preliminary location the tape can be carefully peeled back, 
without bending the gauge, and a drop of adhesive can be applied to the gauge.  Even pressure should 
be applied with the fingers for 60 seconds and then the gauge should be allowed to set for another 60 
seconds before the tape is removed.  After removing the tape, the gauge is painted with a silicon rubber 
that seals the gauge from environmental moisture and dust.  The silicon rubber should be applied in 
multiple coats; in the present test, two applications were considered sufficient to protect the strain 
gauges from the moisture of white washing.  Then the lead wires are carefully isolated from the metal 
specimen with butyl rubber.  The lead wires are isolated so that they cannot be grounded, so the butyl 
rubber serves more to protect the lead wire from being pulled off of the strain gauge than to prevent it 
from grounding.  Then the strain gauge can be plugged into the strain gauge terminal and data 
acquisition (DAQ) system, to check that it is measuring the resistance of the current applied to it.  Table 
6 shows a summary of the materials used for the installation of the strain gauges. 
Table 6 - Materials used for strain gauge installation 
Name Distributor 
  Installation Tape Vishay 
  M-Coat C Air-Drying Silicon Rubber Vishay 
  Gauge Adhesive Texas Instruments 
  Polishing Wheel (320 grit) Dremel 
  Grinding Wheel (120 grit) Dremel 
  Grinding Wheel (60 grit) Dremel 
  M-Coat FB2: Butyl Rubber Vishay 
  M-Prep Neutralizer 5A Vishay 
  M-Prep Conditioner A Vishay 
  Kimwipes Kimberly-Clark 
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The strain gauges are plugged into the data acquisition terminal using strain gauge junction 
boxes that are wired for the terminals.  Each gauge has a lead wire that is marked as positive, while the 
other two wires are unmarked.  One of the unmarked wires completes the circuit so that the resistance 
of the strain gauge can be measured, while the other lead wire can be used by the DAQ system to 
compensate for changes in resistance as the temperature changes.  This compensating system was not 
used for the test, since drifts caused by temperature were considered insignificant enough to be 
neglected.  Each slot on the junction box corresponds to a physical address in the DAQ software, which 
is used to identify the strain gauge in the software.  In general a strain gauge will have initial strains from 
the installation process.  These initial strains can be adjusted to zero by using the calibration capabilities 
of the DAQ system.  Once all of the strain gauges have been calibrated, they are ready to measure the 
changes in strain of the specimen during the experiment. 
A couple of problems were encountered and solved during the installation of the strain gauges.  
For the most part, following the procedure described above resulted in sensors that worked well 
without any problems.  In a few cases, during installation, some gauges would not stick to the surface 
after the adhesive had been placed.  After the tape was removed, the corners of the gauge would curl 
up.  The failure of the adhesive to adhere to the surface indicates that the conditioner was not 
appropriately neutralized.  Therefore, the surface should be prepared again, with care being taken to 
ensure that all of the conditioner is neutralized.  Another common problem was that the gauge was not 
being measured by the DAQ system.  Before assuming that the gauge is bad, the gauge should be 
plugged into a DAQ channel that is known to work.  In several cases it was found that the channel was 
defective, probably due to a wiring problem in the junction box.  In some rare cases the lead wire had 
become detached from the strain gauge, due to excessive roughness during installation, so the strain 
gauge had to be replaced.  If the installation procedure is carefully followed, few problems should be 
observed in the strain gauges. 
After installing, connecting, troubleshooting, and calibrating the strain gauges, they are ready to 
gather strain data.  Several days’ worth of static data was gathered prior to the test, to check if any of 
the gauges had excessive drifts.  Drifts in excess of 1% of yield (about 21 microstrain) over the course of 
a 12 hour day were considered to be too much, so that the gauge was replaced.  A few gauges were 
replaced for excessive drift, which appeared to fix any problems.  Figure 19  and Figure 20 show 
examples of the drift data collected during an afternoon.  As can be observed, the strain gauges exhibit 
good stability and little drift over the period of time that the data was collected. 
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Figure 19. Drift check of strain gauge in beam web 
 
Figure 20. Drift check of strain gauge on back web angle 
In recording the continuous data, it was observed that groups of the gauges were jumpy or 
drifted when the lead wires were touched.  When the strain gauge wires plugging into the terminal were 
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moved near the terminals where the gauges plug into the DAQ hardware, the measured strain would 
jump to an offset value, up to 100 microstrain away from the zero reading.  This phenomenon occurred 
for groups of gauges, where 20 gauges would jump together.  The behavior indicated that there was a 
loose connection that was causing a change in resistance for the entire system.  The DAQ terminals were 
disassembled and all the wire connections were tightened.  Once this fix was implemented, only isolated 
strain gauges were observed jumping by values of less than 10 microstrain, which was considered 
acceptable.   As an extra precaution, a special clamping system was constructed to completely stress 
relieve the terminal wires, so that any disturbance of the wires cannot reach the terminal blocks.  By 
tightening the connections in the terminal blocks and stress relieving the wires, the jumpiness of the 
strain gauges was solved.  The drift of the lead wires that occurs in some cases when the strain gauge 
wires are stepped on was accounted to changes in resistance of the lead wire.  The drift due to changes 
in lead wire resistance is avoided by preventing access to test area during the hybrid simulation. 
The strain gauge instrumentation was described in this section.  The installation procedure was 
described in detail.  Some common problems encountered while installing the strain gauges were 
described and the solutions suggested.  Finally, some data collected while the system was static is 
presented, showing that the strain gauges are operating and stable. 
3.2.2.2. Linear and string potentiometers 
While the procedure for installing the strain gauges was very meticulous and exacting, the 
remaining instrumentation was relatively easy to install.  This section will provide an overview of the 
extensive accuracy checking of linear and string potentiometers.  Next to strain gauges, linear pots are 
the most numerous instruments used on this project, and they are being used to measure bolt slip, slip 
of the column base, and relative rotation of the connection.  All of these quantities are expected to be 
relatively small, if not zero, so the instruments have to be very sensitive and also very accurate.  On the 
other hand, the string pots are being used in this project to measure the displacement of the control 
points and the horizontal sway of the physical substructure to an accuracy of 0.001”.  Thus, great care 
was taken to make sure that both of these types of instruments were behaving accurately. 
The methodology for checking the accuracy of the linear pots and the string pots is discussed in 
the following paragraphs.  Figure 21 and Figure 23 show the testing rigs set up to measure the 
displacements of the linear pots and the string pots.  A vertical calibrator accurate to 0.0005” was used 
and provided an accurate and independent measure of displacements.  The linear pots and string pots 
are hooked securely to the vertical calibrator with angles and clamps.  A ruler and level are used to 
ensure that the linear pot is both square and level in the testing rig.  Even if the instrument is only 
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slightly out of plumb, the readings can be unacceptable.  The instrument is connected to the data 
acquisition system that was set up for this project.  Note that the sensor is hooked up electronically to 
the computer exactly as it will be on the actual test day, so that everything but its installed configuration 
is the same as it will be on test day.  Then a displacement history that ranges from 20% to 80% of the 
sensors range is recorded, while data is being collected by the data acquisition system.  The 20% to 80% 
bound ensures that the measurements are being taken in the sensor’s linear range. 
 
Figure 21. Testing rig for accuracy checks of linear pots 
After collecting the data, the readings from the sensor can be compared to the displacements 
measured with the vertical calibrator.  Figure 22 shows the plots that were generated to compare the 
two sets of measurements.  The data measured by the sensor was plotted on the horizontal axis, while 
the measurements take by the vertical calibrator were plotted on the vertical axis.  Since the two values 
should be equal, the slope of a line fitted to the data set should be 1 to 1.  As can be seen in Figure 22, 
very good fits were measured between the calibrator measurements and the sensor readings.  Table 7 
summarizes the findings for most of the linear pots used on this project.  In general, a 1% error was 
considered acceptable for this project; this tolerance corresponds to demanding that the slope be within 
the bounds of 1.01 and 0.99.  Table 2 shows that some sensors neared the limits of the tolerance, but 
that for the most part all of the linear pots were well within the acceptable tolerance. 
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Figure 22. Accuracy check for linear pot LP-TA-CF-62 
Table 7 also shows R2 values, which is a measure of the goodness of fit for the linear 
interpolation made between the data points.  A correlation coefficient of 1 indicates a perfectly linear fit 
to the data.  In all cases a near perfect linear fit was found to the data points.  This indicates that all of 
the sensors being used for this project behave linearly, or that the relationship between a measured 
change in voltage and the displacement is a constant value, called the sensitivity.  If the correlation 
coefficient is 1 and the slope of the sensor falls outside the tolerance corresponding to 1% error, the 
conclusion is that the sensor is behaving well, but that the sensitivity is incorrect, since the sensor is 
measuring in a linear manner but with an incorrect slope.  Thus, the sensitivity needs to be measured 
and updated.  If the correlation coefficient is not 1 or not near 1 within an acceptable tolerance, then 
the sensor is not behaving linearly and should not be used, since it is not functioning correctly.  Table 7 
indicates that all the sensors checked are behaving well. 
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Table 7 - Summary of accuracy checks for linear pots 
Sensor Name Serial Number Slope R
2
 
LP-B-P-37 A4006-3 1.009 0.999 
LP-B-P-38 A1807-0001 1.008 0.999 
LP-C-W-39 A1807-0006 1.000 1.000 
LP-C-W-40 A1807-0008 1.005 1.000 
LP-TA-CF-62 12312143 0.999 1.000 
LP-TA-CF-63 A4006-28 1.009 1.000 
LP-TA-CF-64 A4006-10 0.998 1.000 
LP-TA-BF-65 A4006-11 1.009 0.999 
LP-TA-BF-66 A4006-27 1.001 1.000 
LP-TA-BF-67 A4006-42 1.000 1.000 
LP-TA-BF-68 12312147 0.999 1.000 
LP-TA-BF-69 A4006-41 1.000 1.000 
LP-SA-CF-82 12312159 0.998 1.000 
LP-SA-CF-83 A4006-35 1.003 1.000 
LP-SA-BF-84 A4006-43 1.002 0.999 
LP-SA-BF-85 A4006-18 1.000 1.000 
LP-SA-BF-86 A4006-44 1.002 1.000 
LP-SA-BF-87 A4006-6 1.000 1.000 
LP-SA-BF-88 A4006-29 1.001 1.000 
LP-FWA-CF-122 33/07 SN04 0.991 0.999 
LP-FWA-CF-123 33/07 SN05 1.008 0.999 
LP-BWA-CF-124 L0206/72 1.009 0.999 
LP-BWA-CF-125 A4006-30 1.000 0.999 
LP-BWA-CF-126 L0206/50 1.006 0.999 
LP-FWA-BW-127 33/07 SN08 1.008 0.999 
LP-FWA-BW-128 33/07 SN06 1.000 0.999 
 
There were a few linear pots that were not checked using the vertical calibrator.  The 
sensitivities for these sensors was measured at the same time as those tested in Table 7, so it was 
concluded that because none of the sensors in Table 7 showed excessive error, the sensitivities for the 
remaining sensors could be used with confidence, without a need to verify.  Table 7 shows checks for 26 
sensors, and 35 sensors are used in the experimental setup, so the majority of the sensors were checked 
and no problems were observed.  Therefore, the accuracy of the linear pots was verified. 
Figure 23 shows the testing rig used for the string pots.  The string pots were tested in the same 
manner as described for the linear pots, where data was recorded by the data acquisition program as a 
measured displacement history was imposed with the vertical calibrator on the string pot.  Unlike the 
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linear pots, whose sensitivities are measured by members of the testing facility, sensitivities for the 
string pots are given by the manufacturer.  Therefore, only a few of the string pots were checked with 
the vertical calibrator.  The sensors checked showed linear behavior with acceptable error. 
 
Figure 23. Testing rig for accuracy checks of string pots 
This section has described the accuracy checks that were performed on the linear pots and the 
string pots.  The linear pots are not provided with manufacturer sensitivities, so the sensitivities of all 
the sensors had to be measured and checked, to verify that the sensitivities on record were current and 
accurate.  After verifying that the linear pots were behaving linearly with acceptable errors, the string 
pots were also checked for accuracy.  In contrast with the linear pots, the string pots have factory 
provided sensitivities.  The test group of string pots placed in the vertical calibrator testing rig was 
accurate and linear, as expected.  In both the string pot and the linear pot accuracy checks, a test group 
of sensors was checked, and then the conclusion was drawn that the remaining sensors not checked will 
behave well, since the test group showed no problems.  This section has described the steps taken to 
ensure that the readings provided by the linear pots and string pots can be accepted as true measures of 
displacement. 
3.2.2.3. Inclinometers 
Three inclinometers are being used to measure the relative rotation of the beam and the 
column.  Spectrotilt analog inclinometers were used in this test set up.  The inclinometers operate with 
viscous fluids to measure the angle of the sensor.  The resolution of the inclinometers is 0.001 degrees, 
with a measuring range of 60 degrees and a repeatability of 0.05 degrees.  The sensors are wired to two 
voltage sources, which provide them with a positive and negative 10 volts, in addition to a reference 
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“zero” volts achieved by crossing the positive and negative 10 volts.  The sensitivity of all of the sensors 
is given by the manufacturer as 60 mV/degree. 
In order to check the accuracy of the inclinometers, they were connected to the data acquisition 
system and then mounted on one of the LBCBs.  All of the sensors were mounted at the same location, 
so that their readings can be directly compared to see if they are all working correctly.  In addition, the 
LBCB measures its own rotation, so the rotation of the LBCB can be taken as an external measurement 
of rotation that can be compared to the readings of the inclinometers.  Figure 24 shows the readings 
from each sensor and the readings from the LBCB during the test.  Figure 25 shows the results of this 
exercise, where the LBCB measured rotations are plotted on the horizontal axis and the readings from 
each of the sensors is plotted on the vertical axis over a sensor reading range of plus and minus 2.5 
degrees.  The sensors all show good agreement amongst their own readings.  A line was fitted to each 
set of data, and the slope of the line was taken as a measure of the accuracy of the sensors.  As can be 
observed in Figure 25, there is good agreement between the readings from the LBCB and the 
inclinometers.  The maximum difference between the readings is about 2%.  Also, there is excellent 
linearity of the readings in the range of rotations measured, as seen in the correlation coefficients of 1. 
 
Figure 24. Rotation measured by inclinometers and LBCB 2 
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Figure 25. Linearity check between inclinometers and LBCB 2 
The inclinometers were connected to the data acquisition software and their accuracy was 
checked by mounting them on an LBCB and comparing their measurements to those of the LBCB.  The 
resulting match in measured rotations indicates that the inclinometers can provide an accurate measure 
of rotation. 
3.2.2.4. Cameras 
An array of cameras was used during the test to capture both still images of the experiment and 
real time video footage of the experiment.  Six Nikon D80 still image cameras were used; four to take 
pictures of each of the angles and two to take pictures of the entire experimental setup.  Two video 
cameras were used to take video footage of the experiment; one is a Panasonic SDR-H80 digital video 
camcorder, while the other is a Canon HD CMOS video camera. Both of these video cameras record onto 
hard drives.  The Panasonic was used to collect close up footage of the front of the connection, and the 
Canon HD CMOS was used to take footage of the entire setup.  Both of the video cameras had sufficient 
hard disk space to record for the entire duration of the experiment. 
The settings of the still image cameras were adjusted to provide the best possible picture in the 
lab lighting environment.  The aperture size is set to the middle opening size, F11.  The shutter speed is 
set manually, as required in the camera’s lighting to achieve a well lit picture.  For most of the cameras, 
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the shutter speed is about 1.6 to 2 seconds.  The white balance is set to fluorescent, to account for the 
fluorescent lighting used in the lab.  Each of the cameras has to be focused manually after being 
installed.  At installation the cameras are plugged into an external power supply and connected to the 
camera computer using an USB cable. 
The video cameras were relatively easy to setup.  The video cameras have several options 
related to the quality of the digital image.  The higher quality the image the more hard drive space is 
required to store the image, so the setting has to be chosen that will provide a rich enough image 
without running out of disk space.  In reality, the video could be downloaded midway through the test, if 
a very high resolution image was required and the disk space was insufficient; however, there is little 
need for a very high resolution video.  Therefore, the Standard Play (SP, 7 Mbps) is used for this 
experiment, instead of one of the high quality settings (MXP, 24 Mbps, for example).  The resulting 
recording time is approximately 30 hours. 
The still image photographs will provide images that can be used to study the deformation 
behavior and failure modes of the connection during the experiment.  These images can be stitched 
together into videos, providing visualization of the connection behavior.  The video footage provides a 
real time record of the connection behavior at the time of failure. 
3.2.3. Introduction of data acquisition software 
The instrumentation setup also includes data acquisition software that helps to collect and 
organize the data that is being measured during the experiment.  The volume of data being collected by 
the sensors, the cameras, and the Krypton system is large and can be unwieldy to post-process.  
However, the use of a data acquisition program makes it easier to organize and sort the data after the 
test is completed.  This section will provide an overview of the three main software components of the 
beam column instrumentation.  The first is the Data Acquisition (DAQ) system itself, which is a program 
developed in house by the test facility.  The second is the Camera Plugin, which is a MATLAB-based 
General User Interface (GUI) that controls the cameras and communicates with the LBCB Plugin.  The 
last system considered is the Krypton system.  Each of these systems collects and organizes the data 
being collected by the beam column projects. 
3.2.3.1. Data Acquisition (DAQ) 
The DAQ software is a LabVIEW based program that collects, saves, and organizes the data being 
measured by all of the sensors involved in the beam column project.  The DAQ program receives data 
from the Texas Instruments program MAX, which communicates directly with the modules and 
instruments.  Further, the DAQ communicates with the data acquisition system of the LBCB Operations 
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Manager.  Thus, the DAQ becomes the user interface with the instruments, both those on the physical 
substructure and those in each of the LBCBs.  For example, the DAQ can be used to view the real-time 
data being recorded by the inclinometers, at the same time offering the capability to view the forces in 
any of the LBCB actuators.  The DAQ can be used to sample and save the data stream at certain 
continuous frequencies, and can also be linked to the LBCB Plugin to sample and save data at certain 
specified steps.  Therefore, when the LBCB Plugin converges to a location in space, and says that it has 
completed its step, it sends a command to the DAQ to collect all of the data at that instant in time.  This 
feature of collecting step data makes post-processing easier, since the continuous data does not have to 
be manipulated to provide data at specified instants in time.  In addition, the DAQ allows the user to 
view the data in real time, by setting up graphs that are continuously updated.  Viewing the data being 
collected in real time allows the user to check if the sensors are behaving well, and makes 
troubleshooting easier.  In addition, the user can view the data as it is being collected, so that observed 
physical behavior can be linked to the measured state of the specimen.  The DAQ program provides an 
interface between the user and the instruments that allows for continuous data sampling at specific 
frequency, sampling of data at LBCB Plugin steps, and real-time viewing of the data being collected. 
3.2.3.2. Camera Plugin 
The Camera Plugin is a MATLAB-based GUI that communicates with the LBCB Plugin and the still 
image cameras used in the experimental setup.  The Camera Plugin can be used to command the 
cameras to take pictures, and then downloads the pictures from the cameras onto the computer hard 
drive.  The pictures can be taken by user command, by using a text file that specifies time increments at 
which pictures should be taken, or by connecting the Camera Plugin to the LBCB Plugin and allowing the 
LBCB Plugin to specify when to take pictures.  By connecting the LBCB Plugin and the Camera Plugin, it is 
possible to take pictures at the LBCB Plugin steps, in the same manner as the DAQ collects data at 
specified LBCB Plugin steps.  Thus, the pictures, instrumental data, and LBCB Plugin can all be 
synchronized by common steps.  Two Camera Plugin computers are used in the current experimental 
setup, with three cameras attached to each.  The Camera Plugin allows pictures to be taken and saved at 
synchronized steps with the LBCB Plugin and data acquisition system. 
3.2.3.3. Krypton 
Krypton is an innovative technology that uses cameras to measure the location of light emitting 
diodes (LEDs) in three dimensional space with a high level of precision (0.004”).  There are three 
cameras in the Krypton system, each inclined at a different angle.  The cameras measure the one 
dimensional location of any LED in their field of vision, and then triangulation techniques are used to 
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compute the three-dimensional location of the point.  A cluster of points can be linked into a rigid body, 
so that the Krypton system can measure the displacement and rotation of the rigid body as it moves in 
space.  Krypton was used early in the validation stage of the test development to verify that the LBCBs 
were displacing within an acceptable tolerance of the command displacements; in this case, the rigid 
body option was used.  In the test setup, Krypton is being used to measure the location of individual 
points in space, so the three dimensional location of points is being collected.  The Krypton data 
acquisition computer allows the user to specify a Cartesian space, in which the coordinates of the points 
can be recorded.  The current test specifies a planar coordinate system corresponding to the 
longitudinal axis of the beam and the column.  Krypton data is gathered continuously, at a specified rate, 
and cannot be linked to the LBCB Plugin to record data at specific steps during the testing process.  Thus, 
post-processing will require that the continuous data be reduced to step data for comparison with the 
rest of the data being sampled during the test.  Krypton provides the capability of gathering detailed 
displacement fields in three dimension space using a very simple system of cameras and LEDs. 
3.3.  Summary of Experimental Setup 
A unique aspect of the current project is implementation of a full-scale substructure in the 
hybrid simulation analysis of semi-rigid steel frames.  The hybrid simulation technique allows for a 
synergistic implementation of finite element models and physical experiments, which allow for accurate 
representations of the seismic behavior of structures during an earthquake.  The prototype structure 
and loads were introduced.  This chapter described hybrid simulation in a brief manner, and showed 
how substructuring was implemented to use a finite element model and a physical experiment to study 
the frame. 
The instrumentation of the physical substructure was also described in detail. Local behaviors, 
such as bolt slip and strain distributions across the angles, were measured in great detail.  Innovative 
measurement techniques, like the Krypton system, were used to study the opening and closing behavior 
of the angles.  The moment-rotation relationship of the connection was measured redundantly, ensuring 
that an accurate hysteresis loop was obtained, so that the strength and stiffness behavior of the 
connection can be studied, as well as the energy dissipating characteristics.  The external measurements 
of the control points, using high tension string pots, provide the assurance that the displacement 
boundary conditions between the physical substructure and the analytical component are computed 
accurately.  It is clear that the carefully developed instrumentation will provide a wealth of data on the 
real behavior of a top and seat angle with web angles connection that has not been available to 
researchers in the past. 
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In addition to describing the instrumentation used for the full-scale testing of the semi-rigid 
frame, this chapter has also provided an overview of some of the sensor properties, accuracy checks, 
and installation techniques implemented to ensure that the data collected is accurate.  Strain gauges 
constitute the bulk of instruments used for the current project and are also the most sensitive to 
installation mistakes.  The procedure for installing strain gauges was described in detail.  A sample of 
data was provided, showing that the strain gauges do not drift excessively and appear to be well 
prepared for data collection.  Accuracy checks for linear and string pots were also covered in detail, 
showing that both types of instruments provide very accurate measurements of displacement.  The 
inclinometers were also described, and they were shown to be accurate in measuring rotations.  Lastly, 
the types of cameras being used to collect visual data were briefly reviewed.   
In the final section of the chapter, the various data acquisition software platforms used to 
collect, save, and visualize the test data were introduced.  The Data Acquisition (DAQ) software is a 
software package developed in house using LabVIEW, to communicate between the instruments and 
the user.  The DAQ system allows measurements to be synchronized with significant steps in the test 
data, so that the continuous data does not have to be pared down to significant time steps during the 
loading history.  The Camera Plugin provides automated control and collection of pictures from the 
cameras, so that the images can also be automatically synchronized with the steps of the test.  Finally, 
the Krypton system is able to measure the three dimensional location of coordinates in space, allowing 
for high precision visualization and study of the displacement of an object in space. 
The quality and detail of instrumentation for the physical substructure of the current project 
make this a unique study of semi-rigid connections.  The level of accurate data will provided insight into 
slip characteristics of bolted top and seat angle with web angles that is not available anywhere else.  The 
precise strain distributions can be used to check finite element models, so that further parametric 
studies can be performed.  From the very detailed to the broad behavior, the instrumentation of the 
current project captures significant behavior semi-rigid steel frames. 
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4. SOFTWARE DEVELOPMENT AND VALIDATION 
Chapter 4 describes the software required to implement hybrid simulation testing of semi-rigid 
steel connections.  Section 4.1 gives an overview of the software platforms used, including the UI Simcor 
program, the LBCB Plugin, and the Operations Manager.  After describing these programs briefly, 
Sections 4.2 and 4.3 concentrate on two important aspects of the LBCB Plugin.  Thus, in the Section 4.2, 
the external control system required for precise control of the displacements of the specimen is 
introduced.  The mathematical basis of the external control system is explained, an example is 
described, and the implementation and validation in small scale and large scale testing is presented.  
Section 4.3 describes the coordinate transformations performed by the LBCB Plugin, where the absolute 
displacements of three control points are condensed into relative displacements of two control points.  
Examples of control point condensation are provided and validation with a finite element model is 
presented.  Section 4.4 shows results from a dry run of the entire control system, validating the 
communication and accuracy of the control system and the various software platforms.  Section 4.5 is a 
summary of the software validation and testing.  Chapter 4 is an overview of the software platforms 
required to implement hybrid simulation testing of the semi-rigid frame. 
4.1.  Overview of Hybrid Simulation Software 
Three software platforms developed in house constitute the main user interfaces to control and 
monitor the hybrid simulation experiment.  The first software platform is UI Simcor, a MATLAB-based 
program that was developed to implement the hybrid simulation technique.  The second software 
platform is the LBCB Plugin, which is a MATLAB-based GUI that links UI Simcor and the Operations 
Manager, which controls the Load and Boundary Condition Boxes (LBCBs).  The LBCB Plugin takes the 
commanded displacements in the UI Simcor space and converts them into displacement commands for 
each of the LBCBs.  The LBCB Plugin also provides sub-stepping and elastic deformation control, so that 
the UI Simcor displacement commands are executed safely and accurately.  The Operations Manager 
receives displacement commands from the LBCB Plugin, after the commands have been converted into 
LBCB commands and sub-stepping has been implemented.  The Operations Manager communicates the 
measurements from the external sensors, so that the LBCB Plugin can determine whether or not the 
target displacement has been achieved.  The software platforms UI Simcor, LBCB Plugin, and Operations 
Manager are user interfaces that create displacement commands and ensure that the displacements are 
executed safely and accurately in the experimental setup. 
UI Simcor sends displacement commands to the various modules involved in the experiment, 
either analytical or experimental, and uses the forces fed back by each of the modules to determine the 
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next displacement increment.  UI Simcor is the software package that actually implements hybrid 
simulation.  The geometry of the system is constructed in each of the modules involved, either analytical 
or experimental.  The node names that UI Simcor is supposed to control are given to UI Simcor, as well 
as nodal masses and damping levels.  A stiffness matrix is either derived by UI Simcor by sending 
displacements to each module and using the forces fed back by the modules to construct the stiffness 
matrix, or by simply uploading a user derived stiffness matrix.  Thus, UI Simcor develops an equation of 
motion for the structural system that contains mass, damping, and stiffness matrices.  The equation of 
motion is integrated with a fixed time step, using an alpha-OS integration scheme, given an input 
earthquake record that excites the structure.  Kwon et al. (2005) provide a detailed discussion of the 
integration scheme and the algorithm that UI Simcor implements.  Some application examples are also 
presented.  UI Simcor also allows the user to monitor the displacements and forces of the nodes in real 
time, providing a useful user interface for monitoring the test progress.  UI Simcor develops and 
integrates the equation of motion of the system, commanding displacements to each of the modules 
and using the measured restoring forces to compute the next target displacement. 
The LBCB Plugin is the link that communicates between UI Simcor and the LBCBs that impose 
displacements on the experimental specimen and measures the restoring forces from the specimen.  
The LBCB Plugin is a MATLAB-based GUI, shown in Figure 26, and was developed specifically for the 
testing conditions of the experimental setup.  The LBCB Plugin is needed to condense the control points 
between UI Simcor and the experimental setup, to apply external control, to implement sub-stepping, to 
perform limit checks, and to synchronize the collection of data.  First, the condensation of control points 
is a unique application in the current experimental setup, and will be discussed in detail in Section 4.4.  
UI Simcor has three control points, while the experimental setup only provides two control points, since 
the base of the column is fixed in the experimental setup.  Thus, the LBCB Plugin computes the relative 
displacements of the two nodes controlled in the experimental setup, which provide the same deformed 
shape as the absolute displacements sent by UI Simcor.  Then the LBCB Plugin returns the relative 
displacements that the LBCBs executed as absolute coordinates and restoring forces to UI Simcor.  
Secondly, external control is required to ensure that the commanded displacements are accurately 
executed by the LBCBs.  Each of the LBCBs has a displacement control system that provides precise 
measures of their displacement; however, when a specimen is being tested, the stiffness of the 
specimen can cause elastic deformations in the LBCBs.  These deformations will cause the LBCBs not to 
execute the displacement commands with the precision required to obtain accurate results (0.001”).  
Hence, a system of external control sensors was implemented and controlled by the LBCB Plugin, to 
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ensure that the commanded displacements are executed with a precision of 0.001”.  The external 
control sensors are discussed in detail in Section 4.2.  Thirdly, the sub-stepping function of the LBCB 
Plugin makes sure that large displacement commands are broken down into acceptable displacement 
increments, to execute the displacement commands safely.  Fourthly, the LBCB Plugin also checks user 
supplied displacement and force limits, pausing the experiment if any of the limits are exceeded.  A final 
function of the LBCB Plugin is to synchronize the collection of data while the experiment is being 
executed.  Thus, when the LBCB Plugin determines that a step has been successfully executed, it sends 
commands to the computers that control the cameras and the data acquisition to take pictures or 
collect the data at that step.  Therefore, the LBCB Plugin is a critical component for conducting a 
successful experiment, and the testing and validation of the LBCB Plugin constitutes a large percentage 
of the discussion in Chapter 4. 
 
Figure 26. Screen shot of LBCB Plugin graphical user interface (GUI) 
The Operations Manager is a LabVIEW based software program developed to control the LBCBs.  
The Operations Manager can be used to move the LBCBs in Cartesian coordinates and monitor forces 
and includes a data acquisition component that collects data from the external control sensors and 
sensors on the LBCBs.  The sensors on the LBCBs include displacement transducers and load cells.  The 
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Operations Manager converts Cartesian commands into displacement commands to each of the 
actuators that result in the required Cartesian displacement.  The Operations Manager can execute 
displacements from input files, from manual input, or from network communication with the LBCB 
Plugin.  The Operations Manager returns measurements from the external sensors to the LBCB Plugin, 
which uses them to verify the displacement of the LBCBs.  The Operations Manager is a user interface 
that provides direct control and monitoring of the LBCBs during the experiment. 
Section 4.1 has provided a brief introduction to the software platforms used to conduct the 
hybrid simulation testing of the semi-rigid connection detail.  UI Simcor is a MATLAB-based program that 
sets up and numerically integrates the equation of motion of the system, using force readings from the 
various modules to compute the next displacement command.  The LBCB Plugin is the module that UI 
Simcor communicates with in order to execute displacement commands in the experimental setup, 
implementing command point condensation and external control, and returning the force readings from 
the experimental specimen.  The Operations Manager is a LabVIEW based software that directly controls 
the LBCBs, executing commands from the LBCB Plugin and returning the measured data to the LBCB 
Plugin.  UI Simcor, the LBCB Plugin, and the Operations Manager are the most important features of the 
control system that is required to successfully implement the hybrid simulation testing of a semi-rigid 
steel frame. 
4.2.  External Control System 
Although the LBCBs are very large and stiff, they still deform elastically while applying 
displacements to test specimens, making external measurements necessary.  In hybrid simulation 
experiments, a displacement command is sent to the LBCBs and the resulting forces are returned to UI 
Simcor.  UI Simcor uses these restoring forces to calculate the next displacement increment by 
integrating the equation of motion.  The accuracy of the experimental results depends upon the 
commanded displacement being accurately executed by the LBCBs so that the true restoring force is 
returned to UI Simcor and included in the equation of motion.  The LBCBs possess internal displacement 
transducers that measure the displacement of each actuator.  In an unloaded condition, these 
displacement transducers are able to execute the commanded displacements accurately.  However, 
when a specimen is hooked to the LBCBs, the internal displacement transducers cannot measure any 
elastic deformation of the LBCB structure itself or slip of the LBCBs relative to the strong wall.  
Therefore, external sensors are used to measure the physical displacement of the LBCBs in space, with 
reference to fixed external locations, so that the displacement commanded by UI Simcor is actually 
executed on the specimen.  Figure 27 shows the external control set up used in the small scale lab, 
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where three sensors were used to measure the in-plane rigid body displacements and rotation of the 
LBCB platform.  The scalar measurements of the external displacement transducers were converted into 
Cartesian displacements and rotations using a variation of Newton’s method with a Jacobian 
transformation matrix.  External sensors were able to account for the elastic deformation of the LBCBs, 
providing accurate measurements of the displacement of the LBCBs and ensuring that accurate force 
readings were measured. 
 
Figure 27. External control in small scale lab 
The following sections will introduce and verify the external control system used to ensure 
accurate test results.  Section 4.2.1 will provide a brief overview of the mathematical formulation used 
to convert scalar sensor readings into Cartesian displacement measurements.  Section 4.2.2 will show a 
simple example that validates the implementation of the algorithm and illustrates the convergence 
properties of the method.  Section 4.2.3 describes the implementation of the external control system in 
the small scale lab, and presents results that validate the accuracy and stability of the external control 
system.  Finally, Section 4.2.4 shows results from the implementation of the external control system in 
the large scale facility, especially showing results related to the repeatability characteristics of the 
external control sensors.  Section 4.2 provides a very thorough treatment of the external control system 
used in the testing of the experimental specimen, from the mathematical formulation of the algorithm 
to physical implementation and testing in the laboratory. 
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4.2.1. Newton’s method: sensor measurements to Cartesian space 
The external control sensors measure a scalar change in length as the LBCBs move through their 
displacement, so that the scalar measurement has to be converted into a Cartesian vector quantity 
using a multi-variable Newton’s method.  The Newton’s method in one variable is used to quickly 
compute the root of a non-linear function, using the gradient of the function to approximate the next 
guess at the root.  The Newton’s method can be extended to multiple dimensions by using the Jacobian, 
which is the gradient of the multi-variable function.  Practically, the coordinates of the end points of the 
external sensors are measured; one end of the sensor is attached to a fixed position and does not move, 
while the other end translates with the LBCB platform, as shown in Figure 28.  The change in length 
measured by the external sensor is used to converge to the new Cartesian location of the platform pin 
location, using the Newton’s method.  In symbolic terms, the multi-variable version of Newton’s method 
used for external control is: 
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where  x∆ , y∆ , and zr∆  = Cartesian coordinate displacements, 
  mil     = External sensor measured lengths, 
  is∆    = Sensor length approximated during iterations, and 
  [ ]J    = Jacobian matrix. 
The Jacobian is computed numerically by applying small perturbations in the x, y, and rotational 
degrees of freedom of the LBCB platform pin locations.  As each degree of freedom is displaced, the 
corresponding change in string length is computed, which can be compared to the measured change in 
string length from the sensors.  The Jacobian is formed, as follows: 
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where  d x , dy , and zdr  = small perturbations in the respective degree of freedom and 
  diil∆     = changes in string length resulting from perturbations. 
The approximate Cartesian coordinate displacements resulting from Equation 1 are added to the 
LBCB platform pin locations, and the algorithm repeats until the difference in the external control’s 
measured string lengths and the distance between the base pin locations and the pins on the LBCB 
platform differ by less than the tolerances.  The multi-variable Newton’s method provides a quick 
conversion between scalar external sensor measurements and the actual LBCB displacements, so that 
external control can be used to compensate for elastic deformation of the LBCBs. 
4.2.2. Numerical example 
The multi-variable Newton’s method is a suitable methodology for solving a non-linear system 
of equations for physical problem.  In the case of external control, the start location of the LBCB is 
known and it is known that the LBCB has moved a finite distance.  Figure 28 shows an example of the 
problem being solved, where the initial position of the LBCB is known and the string lengths at the final 
position are known from the external control sensors.  The three measured string lengths require that 
the LBCB be located on three arcs simultaneously and uniquely, as shown in Figure 28.  The multi-
variable Newton’s method solves for the Cartesian displacements and rotations of the LBCB’s rigid body 
motion that correspond to simultaneously satisfying the string length constraints. 
 
Figure 28. Example of rigid body moving from an initial to a final position, with measured scalar 
lengths 
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 A two degree of freedom example is developed in this section to show how the multi-variable 
Newton’s method is implemented.  The system being considered is shown in Figure 29.  Node 3 is shown 
moving from an initial to a final position in the Cartesian coordinate system shown.  Since rigid body 
rotation is being ignored, two string measurements are sufficient to determine the final position of 
Node 3.  Nodes 1 and 2 are fixed points that do not translate; therefore, Node 3 would be analogous to 
a point on the LBCB that is being measured. 
 
Figure 29. Example problem configuration 
 The Cartesian coordinates of Nodes 1 and 2 are shown in Table 8.  In addition, the initial 
location of Node 3 is shown, and the initial and final String 1 and 2 lengths are shown in Table 9.  The 
string lengths are known through sensor measurements, usually string potentiometers or linear 
potentiometers. 
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Table 8 - Nodal coordinates of example problem 
Coordinate 
Node 
1 2 3, Initial 3, Final 
x (in) 20 60 24 36 
y (in) 20 30 40 70 
 
Table 9 - Initial and final string lengths for example problem, measured by sensors 
String Initial Length (in) Final Length (in) 
1 20.3961 52.4976 
2 37.3631 46.6476 
 
First, the Node 3 coordinates are perturbed by an increment in both the Cartesian coordinate 
directions.  The new string length between the perturbed Node 3 and the base points is then computed.  
The difference between the initial and the perturbed string lengths, divided by the perturbation, forms 
the entries in the Jacobian matrix.  Thus, 
1, 1,1, 1,
2, 2,2, 2,
dy idx i
dy idx i
l ll l
dx dy
J
l ll l
dx dy
−− 
 
 =
− −
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   
where 1,dxl   = String 1 length resulting from perturbing Node 3 by d x ; 2,dxl , 1,dyl , and 2,dyl   
similar. 
 With the Jacobian computed, the displacement increment can be approximated by applying the 
Jacobian inverse to the difference between the measured string lengths and the approximated string 
lengths.  The initial guess at the approximate string length can be assumed to be either the string 
lengths of the undeformed configuration or zeros.  In this case the initial guess was chosen to be the 
string lengths in the undeformed configuration, as shown in Table 9.  The displacement increments 
resulting from taking the Jacobian inverse are then applied to the coordinates of Node 3, the 
coordinates of Node 3 are perturbed again, and the Jacobian is re-evaluated.  This process is looped 
until a convergence criterion is satisfied, such as the displacement increments become less than a given 
tolerance. 
 Table 10 shows the string lengths computed by applying the multi-variable Newton’s method.  
The relative error between the exact and the computed string lengths are also shown.  As can be seen, 
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the multi-variable Newton’s method converges quickly to the measured string lengths, shown in Table 9.  
The computed string lengths are based on the approximate final location of Node 3, so the final Node 3 
coordinates are known by completing the algorithm.  The values of Node 3 are shown in Table 11; 
comparing to the known coordinates of Node 3 in Table 8 shows that the computation successfully 
converged on the correct coordinate. 
Table 10 - Approximate string lengths computed in example problem as solution converges to 
measured string lengths 
Iteration 
String 1 String 2 
Computed Length (in) Relative Error (%) Computed Length (in) Relative Error (%) 
1 20.3961 61.1486 37.3631 19.9035 
2 52.9548 -0.8710 56.2893 -20.6693 
3 54.1698 -3.1852 47.5564 -1.9483 
4 52.4985 -0.0017 46.6697 -0.0475 
5 52.4976 0.0000 46.6476 0.0000 
 
Table 11 - Approximate Node 3 coordinates as example problem converges to actual displaced 
coordinates 
Iteration 
Node 3 Coordinates 
x y 
1 24.0000 40.0000 
2 23.4866 72.8399 
3 36.7833 71.5042 
4 35.9730 70.0096 
5 36.0000 70.0000 
 
 Section 4.2.2 has demonstrated a simple implementation of the multi-variable Newton’s 
method for computing the displaced coordinates of a rigid body in space, using the initial coordinates 
and the measured string lengths.  The example problem did not include in-plane rotation, but the 
extension to rigid body rotation is similar to rigid body displacement, and the extension is relatively 
simple.  The algorithm demonstrated in this section is used to provide external measurements of the 
actual in-plane displacements and rotations of the LBCBs, so that corrections can be applied to the 
commanded displacements to account for elastic deformations, should the specimen prove to be stiff 
enough to cause the LBCBs to deform elastically. 
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4.2.3. Small scale implementation and verification 
Section 4.2.3 discusses the external control implementation and testing in the small scale lab.  
The external sensors used in the small scale lab were linear potentiometers, which provided accurate 
displacement control to a tolerance as tight as 0.0001”.  Since in-plane displacements and rotations 
were being measured, three sensors were installed on each LBCB, as shown in Figure 30.  The rubber 
specimen was used for the validation process, since large displacements could be executed without 
damaging the specimen.  Although the rubber specimen was very flexible with respect to the steel 
specimen, it was still able to cause elastic deformations in the LBCBs, such that external control was 
needed to command the LBCBs to reach the desired displacement value with sufficient accuracy. 
After installing the rubber specimen and the external control sensors, the LBCB Plugin had to be 
updated to include the coordinates of the external sensor endpoints, called pin locations.  The endpoints 
of the external sensors were measured with respect to the strong floor, the strong wall, and LBCB 2.  
Then the measured coordinates were transformed such that the origin of the coordinates corresponded 
to the control point, in this case the center of each LBCB’s platform. 
 
Figure 30. Small scale implementation of external control 
  Figure 31 shows the coordinate systems involved in the determination of the pin locations.  The 
pin locations measured are shown by circles at the end of each of the six sensors.  The control point of 
each LBCB had to be measured as well.  The measured values for t
values to the control point of each LBCB but prior to transforming them into the LBCBs’ coordinate 
system, are shown in Table 12.  The values were originally measured in centimeters and are reported in 
inches. 
Table 12
Pin 
Location
1b 
1p 
2b 
2p 
3b 
3p 
Figure 31. Pin locations and 
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he validation test, after translating the 
 - Pin locations in UI Simcor coordinates 
 
LBCB 1 LBCB2 
x (in) y (in) x (in) y (in) 
-6.102 -11.024 1.732 -18.976 
-5.906 -1.142 1.339 -6.457 
9.213 -11.496 11.890 -4.764 
8.622 -1.220 1.299 -5.591 
18.386 -1.102 11.457 9.409 
9.488 -1.220 1.024 8.976 
 
coordinates for small scale LBCBs 
 
86 
 
 The coordinate transformations that are required can be seen by examining Figure 31.  LBCB 2 
requires no transformation, since the coordinate system of the LBCB coincides with the coordinate 
system of UI Simcor.  However, LBCB 1 requires that the UI Simcor x value be reported as a negative y 
value and the UI Simcor y value be reported as a negative x value.  Thus, the transformed coordinates 
are given in Table 13.  The values in Table 13 were entered into the LBCB Plugin configuration file and 
used for external control.  Note that “1b” refers to the “base” end of Sensor 1, or the end that is fixed in 
space.  “1p” refers to the “plate” end of Sensor 1, or the end that translates with the LBCB load 
platform.  The other pin location names are similar. 
Table 13 - Pin locations in LBCB coordinate spaces 
Pin 
Location 
LBCB 1 LBCB2 
x (in) y (in) x (in) y (in) 
1b 11.024 6.102 1.732 -18.976 
1p 1.142 5.906 1.339 -6.457 
2b 11.496 -9.213 11.890 -4.764 
2p 1.220 -8.622 1.299 -5.591 
3b 1.102 -18.386 11.457 9.409 
3p 1.220 -9.488 1.024 8.976 
 
Once the external control was implemented, the LBCB Plugin was used to control displacements 
of the small scale rubber specimen.  Planar motion was executed using an input file that commanded 
saw tooth displacements in each of the planar degrees-of-freedom.  Figure 32, Figure 33, and Figure 34 
show the resulting displacement history of LBCB 1 in each planar degree-of-freedom. 
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Figure 32. Horizontal displacement, x, of LBCB 1 
 
 
Figure 33. Vertical displacement, y, of LBCB 1 
0 10 20 30 40 50 60
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
Di
sp
la
ce
m
en
t (
in
)
LBCB 1: Horizontal Displacement, x
 
 
External Measurement
Target Displacement
0 10 20 30 40 50 60
-1
0
1
x 10
-3
Er
ro
r 
(in
)
Step
0 10 20 30 40 50 60
-0.4
-0.2
0
0.2
0.4
0.6
Di
sp
la
ce
m
en
t (
in
)
 
 
External Measurement
Target Displacement
0 10 20 30 40 50 60
-1
0
1
x 10
-3
Er
ro
r 
(in
)
Step
88 
 
 
Figure 34. Rotation, rz, of LBCB 1 
Examining the figures shows how the elastic deformation corrections work when implemented.  
The figures show the displacement history of each degree-of-freedom, showing the target displacement 
at a given step, as well as the externally measured displacement.  The plot below the displacement 
history shows the error at the step, corresponding to the difference between the commanded 
displacement and the measured displacement.  The error plot is scaled such that the vertical axis 
corresponds to the displacement tolerance of the degree-of-freedom. 
The figures also show the sub-stepping that was implemented in the LBCB Plugin.  The 
commanded displacements are increments of 0.2” in the x displacement, shown in Figure 32, for 
example.  However, the command is sub-stepped so that two iterative steps are commanded by the 
LBCB Plugin, to prevent the LBCBs from executing large displacements with too high of a ramp speed.  
The sub-stepping feature of the LBCB Plugin ensures safe execution of the commanded displacements. 
The external control appears to be working as expected in Figure 32, Figure 33, and Figure 34.  
The LBCB Plugin sends a target displacement and then uses the external measurements to converge on 
the target displacement in an iterative manner.  The target displacements are achieved in an asymptotic 
manner, with no oscillations around the target displacement.  Note that the error is less than the 
tolerance in some of the steps for multiple steps in a row before moving on to the next step.  The LBCB 
Plugin iterates until all of the degrees-of-freedom for both LBCBs satisfy the displacement tolerances, so 
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most of the displacements could be within tolerance while the LBCB Plugin iterates to force one of the 
degrees-of-freedom to converge on its target displacement. 
In addition to studying how well the external control converges to the commanded target 
displacement, it is also possible to compare the external measurements to the measurements recorded 
by the Operations Manager.  Each of the LBCBs has their own linear potentiometers in each actuator, 
which ordinarily controls the displacement of the LBCBs.  The external control is being used to replace 
this internal displacement control system, because of elastic deformations, but the recorded 
measurements are still useful for making comparisons to the external measurements.  The values shown 
in Figure 35 should be identical if there is no elastic deformation and if the coordinate systems for the 
LBCBs and the UI Simcor space were collinear.  Since there was a rubber specimen hooked up to LBCB 1, 
it is possible that the offsets observed in the y displacement graph could be due to the axial resistance of 
the specimen.  The offset in the rotational degree of freedom could be due to elastic deformations as 
well.  In general, the results shown in Figure 35 are good, since they show that the external control 
system with a flexible structure is recording almost the identical displacement history as the internal 
linear potentiometers of the LBCBs. 
Figure 32 through Figure 35 validate that the external control system has been implemented 
correctly in the small scale facility.  The small scale implementation provided procedures and testing of 
the external control prior to implementation in the large scale lab.  The implementation in the large 
scale lab is similar to the small scale implementation.  Elastic deformation corrections are intended to 
provide an external measurement system for the LBCBs, to ensure that the commanded displacements 
are actually imposed on the specimen.  Section 4.2.3 has described how the external control system 
functions and showed results using external control to execute a displacement history with the LBCBs.  
The results indicate that external control was implemented correctly, with the external measurements 
converging on the target displacements as expected.  
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Figure 35. Comparison of external sensor to Operations Manager measurements for LBCB 1 
4.2.4. Large scale implementation 
The elastic deformation corrections were implemented in the large scale facilities, following the 
procedures developed in the small scale lab.  The pin locations of the large scale setup were measured 
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 carefully and arranged in the input file in the same manner as detailed in the small scale setup.  Checks 
similar to those in the small scale facility were conducted to make sure that the elastic deformations 
were correctly implemented.  Section 4.2.4 deta
consistency of the external sensor readings.  A concern in setting up the elastic deformation system is 
that it be capable of repeatedly converging to the same commanded point in space.  Repeatabili
be lost if the sensors are drifting in time or if the fixtures used to mount the string pots “stick,” so that 
the string does not measure the same distance when its end points repeatedly return to the same points 
in space.  To test the repeatability of the elastic deformation system, the same displacement history was 
commanded three times to the LBCBs.  Given that the same displacement history is being commanded, 
the external sensor readings should be the same at corresponding points along the disp
history.  The repeatability check performed is an internal consistency check of the sensor readings; there 
is no independent measurement system that the external sensor readings can be compared to.  
36 shows the external sensor naming convention and coordinate spaces in the large scale lab.  
Figure 38, Figure 39, Figure 40, Figure 
step of the displacement history, for Sensors 1 through 6.  The error was computed by taking the 
difference between the readings of all three of the sensors.  This measure of error is plotted in the 
figures, and the average difference in readings and standard deviation in the readings are also shown.
Figure 36. External sensor configuration in large scale lab
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Figure 37. Repeatability of readings for external Sensor 1 
 
Figure 38. Repeatability of readings for external control Sensor 2 
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Figure 39. Repeatability of readings for external control Sensor 3 
 
Figure 40. Repeatability of readings for external control Sensor 4 
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Figure 41. Repeatability of readings for external control Sensor 5 
 
Figure 42. Repeatability of readings for external control sensor 6 
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Table 15 summarizes the statistics of the error of the three runs for each external control 
sensor.  The average difference in sensor readings between runs is -2e-6”, or essentially zero.  
Therefore, the external control system was deemed to be repeatable and sufficient for conducting the 
hybrid simulation experiment. 
Table 14 - Statistics of differences in readings between runs for each external control sensor 
Error 
Sensor 
1 (in) 2 (in) 3 (in) 4 (in) 5 (in) 6 (in) 
Mean -3.9E-5 -9.9E-5 7.9E-5 8.9E-6 -7.2E-5 1.1E-4 
Std Dev 7.5E-4 8.1E-4 8.1E-4 7.0E-4 6.1E-4 7.1E-4 
 
In summary, Section 4.2 has described the external control system used to ensure that the 
control points are displaced accurately during the hybrid simulation, such that accurate force readings 
are returned by the physical experiment to UI Simcor.  Section 4.2.1 gave a brief overview of the 
algorithm used to convert scalar sensor length readings into Cartesian displacement measurements, 
using a multi-variable Newton technique.  Section 4.2.2 showed an example of the solution technique, 
applied to a simple model considering only in-plane displacements, but effectively illustrating the 
convergence and stability properties of the Newton technique.  Section 4.2.3 described the small scale 
implementation, testing, and validation of the external control system.  In particular, the external 
control system was found to be very stable and accurate in executing commanded displacements, as 
expected.  Finally, Section 4.2.4 presented some results after implementation of the external control 
system in the large scale lab, especially focusing on repeatability and consistency checks that verified 
that the setup of the external control system is accurately able to repeat displacement paths in space.  
Section 4.2 should provide a thorough understanding of the external control system used in the hybrid 
simulation testing setup to ensure accurate displacement and force readings from the experimental 
specimen. 
4.3.  Coordinate Transformations from Absolute to Relative Displacement Fields 
As described in Chapter 3, the test setup chapter, the physical specimen being tested is a 
connection in a two-story, four bay semi-rigid steel frame.  The analytical model consists of a frame, 
with three cut locations which correspond to the locations where the physical substructure is connected 
to the analytical model.  The cut locations are nodes where displacement and force compatibility are 
enforced between the analytical substructure and the physical substructure by UI Simcor.  In the 
analytical model all of the cut locations are free to translate and rotate in planar motion; however, in 
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the physical substructure the column is fixed to the floor and only two of the nodes are free to translate 
and rotate.  Therefore, relative motions are imposed on the physical substructure by modifying the UI 
Simcor supplied nodal displacements into relative coordinates assuming that the base node is fixed.  
Thus, the three control points in the UI Simcor system are condensed to two control points in the 
experimental setup.  In essence, the rigid body rotation and translation of the base node is removed 
from the displacements of all three nodes, resulting in an equivalent displacement field in the physical 
substructure without having to move the base node.  Another limitation of the physical substructure is 
that there are no force readings available from the base of the column.  Using equilibrium equations the 
reaction force at the base of the column can be retrieved, since the force readings at the other two 
nodes are known.  Prior to returning the displacement and force readings back to UI Simcor, the relative 
displacements are inverted back into absolute displacements.  Section 4.3 will develop the vector 
manipulations that are involved in the change of coordinates from absolute to relative nodal 
displacements and the inverse process of returning the relative to absolute coordinates, as well as 
detailing the force equilibrium computations. 
Figure 43 shows the assumption of the node naming convention for the UI Simcor and LBCB 
Plugin communication.  UI Simcor sends the LBCB Plugin displacement values at three coordinates, 
called control points.  The LBCB Plugin computes the relative displacements of Nodes 2 and 3 assuming 
that Node 1 is fixed.  Then the relative displacements at Nodes 2 and 3 are sent to the Operations 
Manager and the LBCBs execute the displacements. 
UI Simcor sends the LBCB Plugin coordinate displacements.  To compute relative displacements 
the LBCB Plugin has to know the location of each node, so the undeformed coordinates of each node 
has to be recorded for the LBCB Plugin to use.  Using the undeformed coordinates and the 
displacements commanded by UI Simcor, the LBCB Plugin computes the deformed coordinates of each 
node.  Then the LBCB Plugin translates the nodes such that Node 1 is the origin of the coordinate 
system, and then rotates Nodes 2 and 3 in space so that there is no rotation at Node 1.  Finally, the LBCB 
Plugin subtracts the relative undeformed distances from the modified Nodes 2 and 3, so that relative 
nodal displacements can be sent to the LBCBs.  The coordinates of Node 1 are stored so that the 
computation can be inverted in order to return the displacements and forces measured by the LBCBs to 
UI Simcor 
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Figure 43. Naming convention of control point nodes 
A numerical example is shown below to illustrate and validate the procedure for computing 
relative displacements.  First a semi-rigid frame was constructed using the finite element software 
package ZeusNL, available for free use.  The frame has the dimensions of the semi-rigid frame being 
studied, and the connections are modeled as rotational springs.  The coordinates of the control point 
nodes are given in Table 15, and the deformed frame can be seen in Figure 43.  The displaced 
substructure that will be transformed into relative coordinates is shown in Figure 44.  Figure 44 shows 
the experimental substructure as it is considered by UI Simcor, floating in the UI Simcor coordinate 
system. 
Table 15 - Undeformed nodal coordinates of control nodes 
Node x Coordinate (in) y Coordinate (in) z Coordinate (in) 
1 0.00 47.50 0.00 
2 69.75 180.00 0.00 
3 0.00 252.00 0.00 
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Figure 44. Deformed shape with 3 control points 
To develop a consistent displacement field, the frame was loaded at the top story by a lateral 
load of 200 kips.  The displacements at the control point nodes were measured and are shown in Table 
16.  The number of significant digits included in the following tables allows for future verification of this 
example by other researchers. 
Table 16 - Absolute nodal displacements of 3 control points 
Node Displacement, Dx (in) Displacement, Dy (in) Rotation, Rz (rad) 
1 -0.2669 -0.0022 0.01079 
2 -3.0011 0.3102 0.00070 
3 -5.1352 -0.0676 0.03155 
 
The nodal displacements in Table 16 are absolute nodal displacements, such as would be sent by 
UI Simcor to the LBCB Plugin in the experiment.  These absolute nodal displacements have to be 
transformed into relative displacements so that the LBCBs can execute and measure forces.  The nodal 
displacements reported by UI Simcor are changes measured from the undeformed nodal coordinate, as 
shown in Table 16.  The computations depend upon rotating and translating vectors that point from the 
origin to the displaced node, so the first step in the computation is to compute the nodal displacements 
measured from the origin, which is simply done by adding the absolute nodal displacements to the 
nodal coordinates.  These coordinates describe vectors pointing from the origin to the deformed nodes.  
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Then, a translation matrix is applied to the vectors so that all the vectors are translated so Node 1 
becomes the origin, and then a rotation matrix is applied to the vectors to rotate them in space around 
the origin, eliminating the rotation of Node 1.  Since the LBCBs also execute displacements from the 
undeformed nodes, the nodal coordinates have to be subtracted from the vectors to get displacement 
vectors that point from the undeformed nodes to the target point in space.  After executing these 
computations, the displacement of Node 1 is a null vector, corresponding to the condition of fixity 
imposed in the experimental setup, and Nodes 2 and 3 are the relative nodal displacements that create 
the same deformed shape.  The resulting displacements are shown in Table 17 for this particular 
numerical example, and the deformed shape is shown in Figure 45. 
Table 17 - Relative nodal displacements with 2 control points 
Node Displacement, Dx (in) Displacement, Dy (in) Rotation, Rz (rad) 
1 0.0000 0.0000 0.0000 
2 -1.3044 -0.4187 -0.01009 
3 -2.6612 -0.0247 0.02075 
 
The relative nodal displacements are then sent to the LBCBs and they execute the 
displacements.  After executing the displacement, the forces resulting from the displacement are 
recorded and sent back to the LBCB Plugin.  Nodal forces are measured for Nodes 2 and 3, in the relative 
coordinate system.  The reaction forces at Node 1 can be computed using the system’s geometry and 
three equations of static equilibrium (summation of forces in the horizontal and vertical directions, and 
summation of moments).  The forces corresponding to the relative deformations at Nodes 2 and 3 are 
given in Table 18, as measured by the ZeusNL model used for the example worked here. 
 
 
Figure 45. Deformed shape with 2 control points 
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Table 18 - Measured forces in relative coordinates (Measured by ZeusNL) 
Node Force, Rx (kip) Force, Ry (kip) Moment, Mz (kip-in) 
2 -12.1765 -16.2293 -1819.96 
3 -53.8144 -17.1804 1633.99 
 
 After imposing equilibrium, the complete nodal reactions are given in Table 19.  These reactions 
correspond to the reactions predicted by the ZeusNL model used to verify the example problem, where 
the displacement field in Table 18 was imposed on a ZeusNL model of Figure 45. 
Table 19 - Nodal forces measured in relative coordinates (Node 1 computed by LBCB Plugin) 
Node Force, Rx (kip) Force, Ry (kip) Moment, Mz (kip-in) 
1 65.9909 33.4097 -11360.90 
2 -12.1765 -16.2293 -1819.96 
3 -53.8144 -17.1804 1633.99 
 
 Before returning the nodal forces in Table 20 to UI Simcor as restoring forces, the forces have to 
be transformed so that the components are reported in the absolute coordinates, and not the relative 
coordinates.  The computation is simply a transformation matrix, rotating all the force vectors by the 
rotation of Node 1.  After transformation, the forces returned to UI Simcor by the LBCB Plugin are shown 
in Table 21.  The nodal forces are exactly the same as the nodal forces predicted by the ZeusNL model 
created for verification, which modeled Figure 44 and had the displacement field in Table 16. 
Table 20 - Nodal forces in absolute coordinates (Transformed into absolute coordinates) 
Node Force, Rx (kip) Force, Ry (kip) Moment, Mz (kip-in) 
1 65.62642 34.12008 -11360.9 
2 -12.0006 -16.3598 -1819.96 
3 -53.6258 -17.7603 1633.99 
 
 Section 4.3 has introduced the use of relative displacement fields to allow the use of an 
experimental specimen with a fixed base to model a frame component that is translating in space.  After 
motivating and explaining the need for such an arrangement, a numerical example was worked to 
illustrate and explain the procedure implemented.  Absolute displacements were selected to use for 
illustration, and then the relative displacements computed.  The relative displacements were imposed 
on a ZeusNL model created for the purpose of verification, and the reaction forces were calculated using 
the model.  The forces were then rotated and returned to the UI Simcor space.  Therefore, Section 4.3 
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has described and validated the use of two control points in an experimental setup to simulate the 
response of a substructure that has three control points in an analytical frame. 
4.4.  Verification of Hybrid Simulation Software 
Section 4.4 describes a verification test that was conducted, to check that all the software 
components were communicating correctly, transforming three control points to two control points, 
then executing the displacements accurately, and finally returning the executed displacements back as 
three control points.  The test verifies the accuracy of the communication between UI Simcor, the LBCB 
Plugin, and the Operations Manager.  It also verifies the implementation of the external control system 
and control point condensation techniques discussed in Sections 4.2 and 4.3. 
UI Simcor normally operates by integrating the equation of motion of a structure as it is being 
excited by an earthquake; thus, the displacement outputs of UI Simcor are dependent on the structural 
system and the input motion, so that it is difficult to predict the expected displacements without 
carefully analyzing the behavior of a given structure in an earthquake.  To simplify the process for the 
sake of validation, UI Simcor was modified so that it uploaded a displacement text file, and then sent 
these displacements as commands to the LBCB Plugin.  The modification to UI Simcor made it much 
simpler to test whether all of the software involved in the control of the experiment was operating 
correctly.  The modified UI Simcor allows a direct comparison of the displacements sent by UI Simcor to 
the LBCB Plugin to the measured displacement returned by the LBCB Plugin to UI Simcor. 
The validation test checks that all the software is communicating correctly.  During the 
validation test, UI Simcor sends target displacements in model space to the LBCB Plugin, which in turn 
computes relative displacements to send to the Operations Manager for the LBCBs to execute.  The 
LBCBs executed the displacement, and then the external sensors and the LBCB Plugin iterated until the 
LBCBs moved to the target relative displacement.  Then the Operations Manager reported the external 
sensor readings and force readings of the LBCBs, which the LBCB Plugin reformatted into absolute 
coordinates and reported to UI Simcor.  Then UI Simcor sent the next displacement and the process was 
repeated.  Therefore, the validation test verified that UI Simcor, the LBCB Plugin, and Operations 
Manager were correctly sharing displacement readings. 
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Figure 46. Comparison of target to measured vertical displacement at Node 3 
Figure 46 and Figure 47 show results for the vertical displacement of Node 3, the node at the 
top of the column (see Figure 45).  Node 3 is of the most interest, because very small displacements 
were sent to it by UI Simcor and the effects of the external control tolerance can be clearly seen.  Figure 
46 compares the target displacement to the measured displacement for three levels of external control 
tolerance.  The three tolerances were 0.01”, 0.001”, and 0.0001”.  The tolerance that is to be used in 
conducting the experiment is a tolerance of 0.001”.  If the system was completely accurate, it would be 
expected that the data in Figure 46 would form a straight line, with a one-to-one slope passing through 
the origin.  As the tolerances become tighter, the linearity of the data in Figure 46 improves, since the 
external control is forcing the LBCBs to achieve the displacement that UI Simcor is actually requiring.  For 
looser tolerances, the LBCB Plugin allows the LBCBs to move on to the next step without reaching 
exactly the target displacement.  The behavior shown in Figure 46 seems reasonable, since it shows that 
the measured displacement varies with the external control tolerances. 
Figure 47 is a similar comparison of the vertical displacement of Node 3 and shows the effect of 
the tolerances more clearly.  Figure 47 shows the target displacement of Node 3 and the corresponding 
error at each step.  The error at each step satisfies the displacement tolerances before moving on to the 
next step.  All of the other degrees of freedom showed similar good behavior, and in all cases the 
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commanded and target displacements did not differ by more than the tolerances.  Therefore, it appears 
as though each of the components of the control software communicate correctly, between UI Simcor, 
the LBCB Plugin, and the Operations Manager. 
 
Figure 47. Error check between commanded displacement and measured displacement 
4.5.  Summary of Software Development and Validation 
Chapter 4 describes in detail the control system that was developed to conduct the hybrid 
simulation test of a semi-rigid steel frame subjected to a seismic event.  Section 4.1 provides a brief 
overview of the software platforms developed to control specific parts of the hybrid simulation.  UI 
Simcor integrates the equation of motion of the structural system as it is excited by the seismic event, 
sending displacement commands to analytical or physical substructures and using the force feedbacks 
from the modules to compute the displacement at the next step.  The LBCB Plugin implements 
important control aspects of the experimental module, especially providing external control and 
coordinate transformations between UI Simcor and the physical test specimen.  The Operations 
Manager controls the LBCBs and executes the commands that it receives from the LBCB Plugin, sending 
back external sensor and force readings.  Section 4.2 considered in more depth the external control 
system implemented in the LBCB Plugin, describing briefly the mathematical formulation that allowed 
the scalar sensor readings to be converted into Cartesian displacements.  After describing a simple 
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example, Section 4.2 presents results from the implementation of external control in both the small 
scale and the large scale testing facilities.  Section 4.3 described in detail the coordinate transformation 
technique implemented in the LBCB Plugin for the experimental setup, which takes three control points 
in the UI Simcor coordinate system and converts them into two control points that execute the relative 
displacements on the physical test specimen.  Using this control point condensation technique allows 
the column to be fixed to the strong floor, simplifying the test setup.  Finally, Section 4.4 showed testing 
results that ran the entire system using a modified version of UI Simcor that simply uploaded an input 
file, to verify that all of the key components of the control system for the hybrid simulation testing were 
communicating correctly and with acceptable accuracy errors.  Therefore, Chapter 4 has provided a very 
thorough discussion of the control system required for executing a hybrid simulation test of a semi-rigid 
steel frame subjected to a seismic event.  
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5. EXPERIMENTAL RESULTS 
Chapter 5 presents the experimental results from the hybrid simulation of the semi-rigid frame 
and results from the post-simulation cyclic testing of the experimental specimen.  The hybrid simulation 
successfully completed 6.42 seconds of the Loma Prieta Earthquake.  The length of the simulation was 
sufficient to record the response of the semi-rigid frame to the most severe parts of the earthquake 
record.  After the hybrid simulation was terminated, the experimental specimen was tested cyclically, to 
gather further data on the semi-rigid connection behavior, especially under large rotational demands.  
Thus, Section 5.1 introduces the selection of the Loma Prieta Earthquake record and modifications to 
the record to make it suitable for the hybrid simulation.  Then the cyclic loading protocols are described.  
Section 5.2 presents experimental observations as the testing was being conducted, for both the hybrid 
simulation and the cyclic testing.  Then post-processed results of the raw data are presented in Section 
5.3.  The section is broken down into three parts, with Section 5.3.1 presenting time history results of 
the frame, including story drift and base shear results, for the hybrid simulation test.  Section 5.3.2 
shows moment-rotation results, for both the hybrid simulation and the cyclic testing.  Section 5.3.3 
briefly describes failure mechanisms that were observed in the experiment.  Section 5.4 concludes the 
discussion by summarizing the key results from the experiment.  The experimental results vary from 
local connection behavior, especially in the moment-rotation behavior of the semi-rigid connection, to 
global frame behavior, such as frame sway and base shear.  The hybrid simulation testing of the semi-
rigid frame and careful instrumentation of the physical substructure resulted in a data set that provides 
a very thorough study of the behavior of semi-rigid steel frames subjected to a seismic event. 
5.1.  Earthquake Record and Cyclic Testing Protocols 
Section 5.1 describes the input selected for both the hybrid simulation experiment, an 
earthquake ground record, and the cyclic testing experiment, a displacement input record.  The hybrid 
simulation experiment requires an acceleration record that is used by UI Simcor to integrate the 
equation of motion of the structural system to derive displacements that are sent to both the analytical 
substructure and the experimental substructure.  The cyclic testing phase of the experiment required 
only displacement command be sent to the experimental substructure, but special care had to be taken 
to ensure that an appropriate cyclic motion was selected.  The acceleration record chosen for the hybrid 
simulation and the derivation of the cyclic testing protocol are described in this section. 
An appropriate earthquake ground motion is difficult to choose, since each ground motion has 
unique characteristics.  The interaction of the structure and the earthquake ground motion is unique, 
depending mostly on the natural period of the structure and the dominant periods of ground motion.  If 
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the periods of the structure and the ground motion coincide, significant damage can be caused in the 
structure, since amplification occurs when the structure is excited in its natural period.  The response of 
the structure to the earthquake varies with other properties of the seismic event, including the duration 
of the earthquake, or the number of cyclic load reversals the earthquake imposes on the structure.  
Therefore, each seismic event causes a different structural response, making the selection of an 
appropriate earthquake record difficult. 
In order to choose an appropriate earthquake, the desired structural response had to be defined 
clearly.  In particular, defining the desired limit state of the structure after the seismic event helps to 
define the type of earthquake to be selected.  There are three basic limit states for a structure subjected 
to a seismic event: serviceability limit state, strength limit state, and collapse limit state (Elnashai and 
DiSarno 2008).  Each of the limit states corresponds to a varying earthquake severity.  For example, the 
serviceability limit state corresponds to frequent moderate earthquakes, where the structure is 
expected to remain in service immediately following the earthquake.  The serviceability limit state 
corresponds most closely to limiting the lateral deflection of the structure during the seismic event.  On 
the other hand, the strength limit state is for moderate to severe seismic events, where some 
compromise to the serviceability of the structure can be accepted, but only moderate structural damage 
is acceptable.  The engineering interpretation of achieving the strength limit state is to allow yielding of 
some of the structural members during the seismic event.  The last category is the collapse limit state, 
which corresponds to a catastrophic earthquake, where collapse of the structure is prevented in order 
to avoid causing casualties to the inhabitants of the structure, but severe damage to the structural 
components is acceptable.  The limit state chosen for the prototype semi-rigid frame studied here by 
hybrid simulation was in the strength limit state, avoiding the collapse limit state but seeking more 
severe damage than the serviceability limit state.  Thus, a seismic event was selected that would cause 
significant yielding in the structural elements of the structure. 
Various ground motions were considered to achieve the strength limit states in the prototype 
semi-rigid steel frame.  The finite element model constructed as the analytical component of the hybrid 
simulation was used to predict the severity of the damage to the structure due to a particular seismic 
event.  Further details about the iterations required to select the appropriate ground motion can be 
found in (Mahmoud 2010). 
The Loma Prieta Earthquake was selected and was expected to cause significant damage to the 
structure.  The Loma Prieta Earthquake occurred on October 17, 1989 in the San Francisco Bay Area, 
California (PEER).  The station used was USGS 1662 Emeryville, 77 km from the epicenter of the 
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earthquake, on soft soil (Vs30 = 199 m/s) (Elnashai and DiSarno 2008).  The time history is shown in 
Figure 48 with a peak ground acceleration (PGA) of 0.26 g’s.  The original record is shown, as well as the 
modified record that was used for the hybrid simulation.  The record was modified for the test in two 
ways: first, some of the initial tremors were deleted so that the time spent in testing could be reduced, 
and secondly the data was reduced so that the time step was 0.02 seconds, instead of the 0.005 
seconds, as in the original record. 
 
Figure 48. Loma Prieta, Emeryville Station, earthquake time history record 
The modifications to the earthquake record were not expected to affect the impact of the 
earthquake on the structure.  As a check, the spectral accelerations were compared before and after the 
modifications to the time history record.  Figure 49 shows the elastic spectral acceleration for the two 
records, and it can be seen that the two records have nearly identical spectral acceleration profiles.  The 
similarity of spectral acceleration profiles indicates that the force demands imposed by the two records 
are similar, as desired.  Further, Figure 49 indicates that the predominant period of excitation of the 
Emeryville acceleration record is in the region of 1.0 seconds, corresponding well to the predicted 
structural period of 1.1 seconds.  Therefore, significant amplification of the structural response can be 
expected during the seismic event. 
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Figure 49. Loma Prieta, Emeryville Station, elastic spectral acceleration 
The hybrid simulation was conducted using the modified ground acceleration record shown in 
Figure 48, with a PGA of 0.26 g’s.  From analytical predictions, the period of the structure is 
approximately 1.1 seconds, so the spectral amplification of the elastic period is about 0.83 g’s.  Based on 
the expected building behavior from the analytical study, the earthquake record was scaled down by a 
factor of 0.76, so that the PGA of the earthquake sustained by the structure was 0.20 g’s with a spectral 
acceleration amplification of 0.63 g’s.  Significant structural damaged was expected from earthquake 
record.  The acceleration record was uploaded by UI Simcor, which integrated the equation of motion to 
find the displacement response of the structure to the excitation acceleration. 
The next phase of testing was the cyclic testing of the connection, conducted after the hybrid 
simulation was completed.  The LBCBs provide a fixed condition at the ends of the column and the 
beam, so some care had to be taken in deriving the input motion to the LBCB at the beam end, to ensure 
that the desired rotation at the connection was achieved without introducing unwanted axial forces or 
moments into the system.  A load path was generated to minimize the moment and axial force at the 
beam tip, which was controlled by LBCB 2, simulating a pinned connection at the beam tip.  Figure 50 
shows the load path that was chosen.  The center of the connection was selected as the center of 
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rotation, about which the load path creates a circular arc, sending combinations of displacement and 
rotation to the LBCB so that the LBCB remains tangent to the load path. 
 
Figure 50. Motion of LBCB 2 during cyclic tests 
Equations 3 and 4 were used to derive the cyclic loading protocol, as a function of the desired 
rotation at the connection: 
 
22 sin
2
dx R θ =  
   
(3) 
 2 sin cos
2 2
dy R θ θ   =    
     
(4) 
Notice that the rotation of the LBCB 2 rotational degree of freedom is the same as the expected 
rotation at the connection.  The yield rotation was taken to be 0.002 radians, identified by finding the 
step at which the yield strain of the top angle was reached during the hybrid simulation.   The cyclic test 
rotated the connection twice each through rotations of three times the yield rotation, six times yield, 
twelve times yield, and twenty-four times yield. 
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The forces and moments at the beam tip were monitored during the cyclic testing and showed 
low moments at the end of the beam.  Further, low axial forces were observed during the test, 
indicating that the displacements derived from Figure 50 were good.  Note that at large rotations, some 
axial force was generated at the beam tip.  At large rotations, a strut action developed at the 
compression flange of the beam, since the center of rotation for the cyclic loads is at the mid-height of 
the beam.  In order to improve future cyclic tests, it may be better to use a traveling center of rotation, 
so that at large rotations the tension angle is allowed to open up, rather than being restricted by the 
bearing action of the compression angle.  The traveling center of rotation would move the center of 
motion towards the compression flange as the rotations increased, demanding more displacement from 
the tension side of the connection than the compression side.  Modifying the input motion in this 
manner would avoid the strut action observed during the cyclic loadings and would allow larger 
rotations to be imposed on the connection. 
A radius of 61.75 inches was used, from the control point of LBCB 2 to the mid-height of the 
connection at the face of the column.  The cyclic displacement histories for each degree of freedom of 
LBCB 2 are shown in Figure 51.    The degrees-of-freedom are reported in UI Simcor coordinates, as 
shown in Figure 36.  Note that all of the degrees-of-freedom of LBCB 1 are commanded to remain at 
zero displacement, so that the column is fixed-fixed.  
 
Figure 51. Cyclic test loading history for planar degrees-of-freedom of LBCB 2 
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The cyclic test was intended to impose enough rotational demand on the connection to cause 
failure.  During the hybrid simulation, the connection was observed to have rotated to a maximum 
rotation of 0.035 radians.  The maximum rotation demanded from the connection was 24 times the yield 
rotation, corresponding to 0.048 radians, as shown in Figure 51. 
Section 5.1 has presented the input ground motion for the hybrid simulation testing of a semi-
rigid steel frame, as well as developing the cyclic testing protocols used after the hybrid simulation was 
completed.  Common limit states considered in earthquake engineering are the serviceability limit state, 
the strength limit state, and the collapse limit state.  The limit state considered for the semi-rigid frame 
was the strength limit state, so a ground motion was selected that was expected to impose enough 
demand to cause significant yielding of the structural members.  Therefore, based on analytical studies, 
the Loma Prieta Earthquake, Emeryville station, was selected and scaled to have a PGA of 0.20 g’s.  The 
second part of Section 5.1 develops the cyclic testing protocol, which gathered more data about the 
cyclic behavior of semi-rigid connections under large cyclic rotational demands.  Because of the 
boundary conditions at the end of the beam, where it is connected to the LBCB, a load path was 
selected that simulated a pinned connection at the beam tip.  Therefore, a simple displacement history 
that minimized the axial force and moment at the beam tip was developed and presented.  The 
displacement history developed is a combination of commands to the LBCB in the planar degrees-of-
freedom that satisfactorily minimized the axial force and moment at the beam tip.  Section 5.1 discusses 
the rationale for selecting and scaling the Loma Prieta Earthquake as the input ground motion for the 
hybrid simulation and the development of the cyclic testing procedure after the hybrid simulation was 
complete. 
5.2.  Observations During Experiment 
Section 5.2 describes observations recorded as the experiment was being conducted.  The 
hybrid simulation was conducted successfully for 321 simulation steps, testing the structure through 
6.42 seconds of the earthquake record.  Slip of the connection was observed by audible pounding at 
steps 217 and 278, corresponding to 4.34 seconds and 5.56 seconds in the earthquake record, 
respectively.  The hybrid simulation diverged at step 321, due to convergence issues of the analytical 
substructure.  After terminating the hybrid simulation, cyclic testing of the experimental substructure 
was conducted.  The cyclic testing imposed large rotational demands on the connection, which 
responded by deforming in a ductile fashion, without showing any brittle failure modes.  Yield lines were 
observed in both the top and the seat angles, as well as in the beam.  Slipping was observed during 
intermediate rotations, but would diminish at large rotations as the elements came into bearing contact 
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with each other.  Section 5.2 provides observations gathered during the hybrid simulation and cyclic 
testing of the semi-rigid steel frame. 
At the start of the simulation, the physical substructure was in an unloaded configuration, since 
no loads had been applied to it after erection.  The analytical substructure had dead loads applied along 
the length of the beams.  The initial steps of the hybrid simulation were the gravity load steps, during 
which the gravity load was applied to each of the substructures before the earthquake motion was 
started.  Thus, during the first ten steps of the simulation, the physical and analytical substructures 
iterated to achieve force equilibrium between the cut points to support the gravity loads.  Applying 
gravity load caused observed deformations in the physical substructure; the column began to carry an 
axial load, while the beam tip deflected vertically and began to carry a moment and shear force.  UI 
Simcor iterated the displacements at the cut points until force equilibrium was reached between the 
analytical and physical substructures. 
After the gravity load was applied, UI Simcor began integrating the equation of motion and 
imposing displacements.  The nodal displacements were compared to some predicted responses during 
the elastic phase, and the correlation between predictions and measured responses was good.  The 
agreement between analytical predictions and experimental output resulted in the decision to continue 
the simulation.  If the results had not agreed, the simulation would have been paused and possibly 
restarted, as possible errors were checked.  It is possible to move the physical substructure back to its 
unloaded condition and restart the simulation from the beginning, as long as the specimen is still elastic. 
Having verified that the experimental results were agreeing well with the analytical predictions, 
the test was continued.  The physical substructure was observed to oscillate about its gravity load 
deformed shape during the initial tremors of the earthquake.  As the earthquake strong motion started, 
the structure began to sway from side to side.  The connection allowed large rotations between the 
beam and the column.  During the first large amplitude displacement a loud noise was heard from the 
physical specimen, at step 217.  The noise was attributed to an occurrence of slip within the connection, 
releasing some of the friction forces that had built up as the connection rotation increased.  Slipping 
noises were also heard during steps 278 through 280. 
During the large rotations, yielding of the top and seat angles could clearly be observed, both 
from examining the strain data in real time and by observing flaking of the white-wash on the angles.  
Figure 52 shows the deformation of the top angle during one of the high displacement peaks of the 
simulation.  The separation of the angle from the column is clearly visible, as well as a yield line that 
extends from the end of the beam flange to the edge of the top angle, indicating yielding across the 
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cross-section of the top angle.  Opening and closing of the seat angle was less evident during the 
simulation, and the seat angle appeared to develop less severe yield lines.  The presence of the gravity 
loads probably prevented the seat angle from opening up as severely as the top angle. 
 
Figure 52. Deformation of top angle during hybrid simulation 
After progressing through the main peaks of the earthquake motion, the analytical substructure 
diverged, due to numerical problems.  The divergence resulted in a termination of the hybrid simulation 
after 321 steps had been completed.  The test was considered a success, since the highest deformation 
demands had been imposed on the physical substructure by the earthquake; the remaining cycles of the 
earthquake were post-peak and would have given data related to the damping of the structure. 
Table 21 shows the main events of the hybrid simulation testing.  The test lasted 10.5 hours and 
completed 321 simulation steps.  Each step took approximately 2 minutes to complete.  The main time 
constraint was the holding period on the Operations Manager, which was held for 10 seconds per 
command sent to the LBCBs.  Because of the elastic deformation corrections, sometimes up to ten 
iterations were required before the LBCBs reached their target displacement within the acceptable 
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tolerance, which was set at 0.001”.  Thus, up to 1.6 minutes is spent in holding the system idle so that 
the Operations Manager could collect and send measurement values to the LBCB Plugin. 
 
Table 21 - Events during hybrid simulation (Times given are on 10/16/09) 
Time Step Description 
2:04 AM 1   Hybrid simulation begins 
7:53 AM 217   First noises observed 
10:28 AM 278-280   Second noises observed 
12:24 PM 321   Simulation diverged 
 
In summary, the hybrid simulation was successfully completed through 321 steps of data.  There 
were two instances of slip, observed from loud noises that occurred during cycles of high rotational 
demand.  The connection responded in a ductile manner to the rotational demands placed on it, 
showing signs of yielding with no brittle failure modes. 
After completing the hybrid simulation, a cyclic test was conducted to gather more data on the 
behavior of top and seat angle connections with web angles.  The cyclic test provided some interesting 
results, since the cyclic rotations imposed on the connection were more demanding than in the hybrid 
simulation.  The cyclic test was intended to fail the connection, and the derivation was described in 
Section 5.1.  The rotations at three times the yield rotation, taken to be 0.002 radians, did not result in 
notable observations.  At six times yield, significant slipping was observed in the form of loud popping 
noises and creaking, as the angles slipped with respect to the beam and the column.  The first observed 
slip was a loud bang during the first excursion of six times yield, when the pictures indicated that the 
seat angle slipped with respect to the beam and closed the gap between itself and the column.  The 
bang resulted from releasing deformation when the clamping force of the bolts was exceeded.  After 
this large slip, each cycle was accompanied by creaking and popping sounds as the elements slipped by 
each other, with no apparent tendency to store deformation.  It appeared as though slip was occurring 
freely as load was applied.  Once the cycles of twelve times yield began, the creaking and popping 
increased.  The slipping sounds would quiet down at the extreme ends of the rotation, indicating that all 
of the slip had been expended and the elements of the connection were bearing on each other.  Also, 
during these large cycles it was observed that the beam appeared to be rotating around the web angles.  
The web angles in turn began to show deformation, flexing in torsion as the beam rotated around them.  
When the cycles reached the amplitude of twenty-four times the yield rotation, localized deformation of 
the beam web were observed on the compression side of the connection.  White wash flaking was 
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observed locally where the bolts bear on the beam flange, and the beam web deformed where the 
beam leg of the angle was prying on the flange. 
 
Figure 53. Seat angle at maximum cyclic rotation 
Figure 53 shows the seat angle after significant rotation during the cyclic testing of the 
connection.  Yield lines can be observed on the angle, both on the column leg and the beam leg.  On the 
column leg, the yield line extends through the bolts, as the angle deforms around the regions clamped 
by the bolts.  The yield line on the beam leg extends from the first row of bolts out to the edge of the 
seat angle.  The seat angle had large deformation capacity after yielding, indicating ductile behavior. 
Figure 54  is a photo of the back web angle, but also shows the top and bottom flanges of the 
beam.  Yielding of the beam web can clearly be seen at both the top and the bottom flanges of the 
beam, as shown by the cracking in the white wash at those locations.  Also visible is yielding at the bolt 
holes, where the bolts slipped and then bore on the flanges, and can be observed most clearly on the 
top flange.  During the large amplitude cycles, the beam rotated around the web angles, slipping at the 
top and seat angles until bearing occurred.  Twisting of the web angles in torsion was observed as the 
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connection rotations increased in magnitude, although no flaking of the white wash was observed on 
the web angles. 
 
Figure 54. Back web angle at maximum cyclic rotation 
Figure 55 shows the entire connection at the ultimate rotation of 0.048 radians.  The opening of 
the top angle from the column can be clearly seen.  Figure 56 is a close up of the top angle at the largest 
rotation of 0.048 radians.  The separation of the top angle and the column flange is larger than observed 
during the hybrid simulation, extending above the bolt lines, indicating that the entire column leg of the 
top angle is being pulled away from the column, except at the locations where the bolts clamp the angle 
to the column.  The yielding of the beam leg of the angle is also clearly visible.  The yield line extends 
from the end of the beam to the edge of the angle.  Notice that the yield line is not parallel to the 
column leg.  In addition, the yielding of the beam’s top flange at the bolt holes can also be very clearly 
observed in Figure 56. 
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Figure 55. Connection at maximum cyclic rotation 
 As the amplitude of the cycles increased, the top and seat angles showed clear yield lines at the 
beam tip on the beam leg and through the bolt line on the column leg.  Permanent deformation of the 
angles was evident as the column leg of the angle began to open up on both positive and negative 
rotations of the connection, indicating that it had deformed into a circular shape, rotating around the 
column bolt line.  At rotations of twelve times yield, opening and closing of the top and seat angles was 
clearly visible.  When the rotation reached twenty-four times the yield, the beam legs of the top and 
seat angles were bent into a semi-circular arc around the end of the beam. 
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Figure 56. View of top angle at maximum cyclic rotation 
 During successive excursions to twenty-four times the yield rotation, the beam showed 
increasing amounts of local deformation at the connection.  The beam flange showed yield lines in the 
white-wash near the top and seat angles and around the bolt holes.  The white-wash in the beam web 
began cracking in the region between the top or seat angles and the web angles.  Thus, at large 
rotations it became clear that some of the deformation capacity of the connection was being 
contributed by deformation of the beam. 
Section 5.2 described the behavior of the semi-rigid steel frame during the hybrid simulation 
and cyclic testing phases of the experiment.  The hybrid simulation successfully tested the structure 
through the strong motion content of the earthquake record, before diverging.  Yielding of the top and 
seat angles was observed during the hybrid simulation, and slip was noted at two points of large 
rotational demand.  No brittle failure modes were observed from the experimental substructure.  The 
cyclic testing imposed large rotational demands on the connection, causing widespread yielding of the 
top and seat angles, as well as yielding in the beam in the web and at locations where the bolts bear on 
the flange.  Although significant slip was observed during the cyclic testing, the response was ductile, 
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showing no brittle failure modes.  Section 5.2 presented observations taken during the hybrid simulation 
and cyclic testing of a semi-rigid steel frame, showing good ductile performance of the bolted 
connection, with some slipping characteristics observed. 
5.3.  Measured Data 
Section 5.3 presents some of the results from the hybrid simulation and cyclic testing of the 
beam to column connection.  The time history results from the hybrid simulation are shown in Section 
5.3.1, especially the story drifts of each story, the interstory drifts, and the base shear of the structure 
during the simulation.  Section 5.3.2 presents and discusses the moment-rotation hysteresis loops for 
both the hybrid simulation and the cyclic testing.  Finally, some observations are made in Section 5.3.3 
about the failure mechanisms observed in the connection. 
5.3.1. Time history story drifts of frame 
The displacement and base shear time histories for the frame during the hybrid simulation are 
discussed in Section 5.3.1.  The displacements of each story are shown relative to the ground and also 
relative to the story below, giving a measure of interstory drift.  The base shear of the frame is also 
presented and discussed. 
The displacement history of each story in absolute coordinates, considering the ground as a 
fixed reference, is shown in Figure 57.  The two stories sway from side to side in phase with each other, 
indicating that the frame response was a first mode response.  The maximum displacement observed at 
the top story was -7.13 inches, while the maximum displacement on the first floor was -2.77 inches, at 
5.80 seconds into the record.  As seen in the time history record, the experiment diverged at 6.42 
seconds, after the strong motion of the earthquake had passed. 
The interstory drifts of the structure are shown in Figure 58.  The interstory drift is the relative 
displacement of the story with respect to the story below.  Therefore, interstory drift is the 
displacement of the second story with respect to the first story, and the first story with respect to the 
ground.  The relative displacement of the second story is always greater than the relative displacement 
of the first story, indicating that the response of the structure was predominantly first mode, as 
expected.  The maximum interstory drifts occurred at time 5.80 seconds in the record.  The second story 
maximum interstory drift is -4.37 inches, while the first story is -2.77 inches.  The negative sign indicates 
that the experimental specimen was swaying towards the left side of the structure at the occurrence of 
the maximum displacement. 
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Figure 57. Absolute floor displacements during hybrid simulation 
 
Figure 58. Relative story displacement during hybrid simulation 
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The base shear of the structure during the experiment is shown in Figure 59.  The maximum 
base shear is 203 kips and occurs at 5.16 seconds.  The base shear at the time of maximum displacement 
(5.80 seconds) is -191 kips. 
 
Figure 59. Base shear during hybrid simulation 
To evaluate the performance of the structure, some code limits on interstory drift can be 
considered.  According to Villaverde (2009), the allowable story drift should be limited to 2.5 percent of 
the story height, for a structure less than 4 stories, whose collapse is not a serious threat to human life, 
with interior structural elements that can sustain large deflections.  These criteria appear to correspond 
to the strength limit state selected for the semi-rigid steel frame being tested.  The height of the first 
story is 15 feet, so the allowable interstory drift is 4.5 inches.  The height of the second story is 13.5 feet, 
allowing an interstory drift of 4.1 inches.  The measured interstory drift of the first story was 2.77 inches, 
less than the allowable 4.5 inches, so the first story is okay.  However, the measured interstory drift of 
the second story was 4.37 inches, greater than the allowable 4.1 inches.  Thus, the structure appears to 
not be sufficiently stiff to satisfy the code recommendations limiting interstory drift values to prevent 
instability and structural damage for this particular earthquake.  However, the stiffness of the structure 
could be increased, so that the code limits could be satisfied. 
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Section 5.3.1 presented time history results from the hybrid simulation testing of the semi-rigid 
steel frame.  The absolute displacement and relative displacements of each of the floors of the frame 
were presented, and maximum values were noted.  The time history of the base shear was also given, 
and maximum values were noted.  A brief consideration of recommended interstory drift limits indicates 
that the semi-rigid steel frame considered in this experiment may be too flexible for safety.  Section 
5.3.1 showed time history results for the hybrid simulation, both for displacement and base shear. 
5.3.2. Moment-rotation results for local connection substructure 
Section 5.3.2 describes the moment-rotation relationships from the hybrid simulation test and 
the cyclic test.  The moment-rotation graph of the hybrid simulation test is discussed first, and then the 
moment-rotation graph from the cyclic test is presented. 
Figure 60 shows the moment-rotation hysteresis loop for the connection in the experimental 
substructure from the hybrid simulation.  The beginning of the test is marked by an asterisk at the zero 
load, zero rotation point.  The first phase in the hybrid simulation was to apply the gravity loads, which 
were distributed along the lengths of the beam in the analytical substructure.  Therefore, the beam tip 
of the physical substructure begins to deflect downwards, until sufficient reaction forces are developed 
at the beam tip to carry the gravity load.  The gravity load thus causes an initial rotation of the 
connection in the negative direction, reaching an equilibrium position carrying a negative moment that 
resists the gravity load.  As the simulation continues, the moment-rotation graph indicates that the 
structure oscillates around the equilibrium position induced by the gravity load.  As the strong motion of 
the earthquake begins to influence the structure, an initial elastic excursion occurs that swings the 
connection back to near the origin of the hysteresis loop and into the positive-moment positive-rotation 
quadrant of the hysteresis.  Then the cycle reverses and the first inelastic excursion into the negative-
moment negative-rotation quadrant of the hysteresis loop occurs.  Audible slips were heard during this 
excursion, in the form of loud pounding sounds, and an examination the hysteresis loop showed a local 
decrease in moment capacity as the rotation increases at the same instant.  This phenomenon of 
decreasing moment with increasing rotation is called pinching, caused by slip between the connecting 
elements.  After slipping, the connection began to carry additional moment as the rotation increased, 
probably because the elements that slipped began to bear on each other and transfer forces again.  
Then the structure began to swing in the other direction, so that the hysteresis loop travels back into the 
positive-moment positive-rotation quadrant of the hysteresis loop.  After reaching the maximum 
positive displacement, the structure again swung back towards the negative direction, so the hysteresis 
loop travels back into the negative-moment negative-rotation quadrant.  Notice that pinching is evident 
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on the second negative excursion, since a lower moment is carried at the same rotations when 
compared to the preceding negative excursion.  However, as bearing occurs, the moment begins to 
increase in a manner similar to the first excursion.  As the hysteresis loop was returning to the positive-
moment positive-rotation quadrant, the simulation diverged. 
The hysteresis loop in Figure 60 is not symmetric, reaching higher magnitudes of negative 
moment than positive moment.  The asymmetry is probably due in part to the gravity load, which nearly 
yielded the top angle as it was imposed and was present during the entire simulation.  In general, a 
hysteresis loop will be skewed towards the side where the first inelastic excursion occurs, because the 
inelastic damage causes the connection to become asymmetrical in strength.  Thus, the imposed 
moment from the gravity load and the inelastic damage were probably the main contributors to the 
asymmetry in the hysteretic response. 
 
Figure 60. Moment-rotation for hybrid simulation of physical sub-structure 
Once the hybrid simulation diverged, the physical substructure was moved back to the initial 
coordinates at the start of the test, so that cyclic tests could be conducted.  Because of the residual 
deformations in the connection caused by the inelastic excursions during testing, the zero displacement 
position no longer corresponded to the zero force position.  Thus, the cyclic test began with a residual 
-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05
-3000
-2000
-1000
0
1000
2000
3000
M
o
m
en
t, 
(ki
p-
in
)
Relative Rotation, (rad)
 
 
Moment-Rotation
Start
End
Audible Slip
124 
 
negative moment.  Further, the connection was damaged during the hybrid simulation, so the 
connection is no longer symmetric in terms of strength and stiffness. 
The cyclic test was intended to be severe enough to cause fracture in the connecting elements, 
so that a maximum rotation of 24 times yield was imposed, equal to an ultimate rotation of 0.048 
radians.  Figure 61 shows the hysteresis loop for the cyclic test. 
 
Figure 61. Moment-rotation for cyclic test 
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that the hysteresis loop reaches higher negative moments than positive moments.  The connection is no 
longer symmetric in its behavior, because of the yielding and damage caused by the hybrid simulation 
testing, so some residual negative moment remains in the connection.  The ultimate rotation of the 
connection was 0.044 radians, 22 times larger than the yield rotation, giving a strong indication of the 
ductility of this type of connection. 
Section 5.3.2 showed the hysteresis loops of the experimental component for the hybrid 
simulation test and the cyclic test.  The hysteresis loops showed the expected pinching and stiffness 
degradation properties, although only limited decreases in the strength of the connection during cyclic 
testing was observed.  Strength degradation may have become evident for a more extended set of cyclic 
tests.  The hysteresis loops appear to be stable, capable of dissipating energy safely in a ductile fashion, 
without showing any fracture, even at very large rotation demands. 
5.3.3. Failure mechanisms of bolted connections 
Section 5.3.3 provides a brief discussion of the failure modes of the bolted connection tested by 
hybrid simulation and cyclic testing.  According to the literature, the common failure modes of bolted 
connections are bolt fracture or plate fracture.  While large deformations were observed at the yield 
lines and around the bolt holes, no fracture was observed during the test.  The failure mode of the 
connection here tested was due to excessive drift.  The fact that none of the connecting elements failed 
in a brittle fashion under high local ductility demands indicates that the connection type is very ductile, 
because the elements that constitute the connection are themselves ductile.  Within the deformation 
demands imposed in this test, all of the connecting elements had sufficient ductility capacity to satisfy 
the ductility demands. 
The preceding sections showed results from the data gathered during the hybrid simulation test 
and the cyclic testing of the experimental specimen.  Section 5.3.1 showed time history results from the 
hybrid simulation, including story drifts and base shear measured in the semi-rigid frame during the 
hybrid simulation.  Using common drift limit checks, the frame was observed to be slightly more flexible 
than recommended, since the observed drifts exceeded recommended drifts.  Section 5.3.2 presented 
the hysteresis loops of the moment-rotation graphs for both the hybrid simulation and the cyclic testing, 
which displayed stable hysteresis and pinching behavior due to bolt slip.  Finally, Section 5.3.3 briefly 
discussed the failure mechanism of the bolted connection, which did not fracture even under large 
rotational demands.  The top and seat angle connection with web angles behaved well during both the 
hybrid simulation testing of the frame as well as during the cyclic testing, even under very demanding 
rotational demands. 
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5.4.  Summary of Experimental Results 
The main concern with the use of semi-rigid frames is that they may not provide enough 
stiffness to satisfy displacement criteria, while their main advantage is that they are expected to provide 
very ductile performance during a seismic event.  Comparing the maximum interstory displacements 
from the displacement time histories to allowable drifts recommended by seismic codes, the frame 
considered in this study does not satisfy recommended lateral drift constraints.  The measured 
interstory drift of the second story was 4.37 inches, greater than the allowable 4.1 inches.  However, this 
drift limit could be satisfied by increasing the lateral stiffness of the system, by using larger angles, for 
example.  The effect of increasing the thickness of the angles is currently being studied.  On the other 
hand, the ductility of the system was very large, with a rotational ductility of 22 observed during the 
cyclic testing of the connection.  Furthermore, cyclic testing was terminated because of excessive 
rotation of the connection and not because any of the connecting elements fractured in a brittle fashion 
during the experiments.  Semi-rigid connections, and bolted top and seat angle with web angle 
connections in particular, offer a connection detail that appears to have the potential to be designed to 
achieve adequate lateral stiffness while also offering significant ductility at the connection and element 
level. 
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6. ANALYTICAL MODELING 
The analytical modeling component of the current report consists in developing a mathematical 
description of the moment-rotation relationship that would be suitable for the dynamic analysis of a 
planar frame.  The moment-rotation relationship of the bolted top and seat angle with web angles 
connection is a non-linear hysteretic response, in most cases characterized by strength reduction, 
stiffness degradation, and pinching.  The hysteretic loop displays a historical nature, in that the current 
state depends upon the previous states.  For this reason, many complicated hysteresis models have 
been developed in an effort to capture the physical as well as the historical nature of the moment-
rotation relationship.  As an alternative to these complex hysteresis rules, a smooth differential equation 
can be implemented which simulates the physical properties of the system, as well as the historical 
nature of the system.  Therefore, Chapter 6 introduces the Bouc-Wen model, providing a simple yet 
accurate phenomenological model of the connection that can be adapted to time history analysis. 
In Section 6.1, a brief history of the Bouc-Wen model is provided, introducing some significant 
applications of the model in engineering applications.  Then Section 6.2 introduces the details of the 
Bouc-Wen hysteresis model, showing the form of the governing differential equation and describing the 
terms that govern the hysteretic model’s response.  The original Bouc-Wen model does not include the 
capability of modeling degrading systems, which exhibit stiffness and strength reduction, as well as 
pinching of the hysteresis loop.  Therefore, Section 6.3 describes modifications implemented in 
literature to model stiffness and strength degradation, as well as pinching.  Section 6.4 briefly describes 
the numerical implementation of the model, using the MATLAB tool SIMULINK, and presents data that 
validates that the hysteresis model was implemented correctly.  After validating the model, Section 6.5 
describes the calibration of the Bouc-Wen model to the experimental data, and shows the final fit of the 
analytical model to the raw experimental data.  Finally, Chapter 6 concludes with Section 6.6, which 
summarizes the key findings and results from the chapter.  The Bouc-Wen model provides a relatively 
simple hysteresis model that can be fitted to experimental data to provide a phenomenological model of 
the connection that could be useful for dynamic time history analysis of planar frames. 
6.1.  The Development of the Bouc-Wen Model 
Section 6.1 gives a brief overview of the history of the Bouc-Wen model and also illustrates 
some examples of the Bouc-Wen model in literature.  The development of the model is briefly 
discussed.  Then some examples are considered; the first example is an application that used the Bouc-
Wen model to develop phenomenological models for moment-rotation relationships of wood 
structures.  The phenomenological model was then used to perform some simple dynamic analyses of 
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planar frames.  The second example considered is in the analysis of low-rise steel buildings, similar to 
those used in the Northridge Earthquake.  The final example presented implements the Bouc-Wen 
model in describing the hysteretic response of semi-rigid connections, and then applies the model to 
dynamic time history analysis as a spring in a finite-element analysis package.  The three examples 
considered in Section 6.1 illustrate how the Bouc-Wen model has been used to model the hysteretic 
behavior of various types of structural connections, and also show how the model can be extended to 
dynamic time history analysis. 
The foundations for the Bouc-Wen model were introduced by Bouc (1967), who presented a 
smooth hysteresis model for mechanical systems under forced vibrations.  Wen (1980) generalized the 
hysteresis model, which was then extended to include stiffness and strength degradation in (Baber and 
Wen 1981).  The stiffness and strength degradation was developed as a function of the dissipated 
energy of the hysteresis model.  Finally, Baber and Noori (1985) and Baber and Noori (1986) modified 
the model to include pinching of the hysteresis model.  Thus, the final hysteresis model is often called 
the Bouc-Wen-Baber-Noori model to acknowledge the developments implemented by each of the 
researchers.  For the sake of convenience, the model will be referred to as the Bouc-Wen model in the 
present work. 
The first example considered of engineering applications of the Bouc-Wen model is in wood 
structural systems.  The cyclic response of wood structures is a highly non-linear problem, in which 
significant strength reduction, stiffness degradation, and pinching effects can be observed.  Seismic 
analysis of wood structures has been limited by the fact that modeling the cyclic response of the 
structure is very difficult and not usually extendable to dynamic time history analysis.  As a result, most 
wood structures are designed very conservatively and are penalized when compared to steel and 
concrete structures.  In the work of Foliente (1995), the Bouc-Wen model was extended to fit the cyclic 
test data of wood structural systems.  The author adopted the standard Bouc-Wen model, separating 
the restoring force component of the dynamic system into linear and non-linear components.  The non-
linear component was governed by the Bouc-Wen model, with the addition of strength, stiffness, and 
pinching terms that were calibrated to fit the actual behavior of the system.  The strength and stiffness 
degradation parameters varied linearly with the energy dissipated by the hysteretic component of the 
connection.  The pinching term was modified to vary non-linearly with the energy dissipated.  The 
parameters of the Bouc-Wen model were varied until good agreement was achieved with typical 
hysteresis loops from experimental testing of wood connections.  The Bouc-Wen model was also 
implemented in a multi-degree-of-freedom wood building using a shear building assumption. 
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Another notable use of the Bouc-Wen model is in the analysis of low-rise steel buildings similar 
to those used before the Northridge Earthquake in 1994.  The authors Wang and Wen (2000) used cyclic 
testing results of moment-connections to modify the original formulation of the Bouc-Wen model so 
that it included stiffness reduction, strength degradation, pinching effects, and asymmetric moment-
rotation loops of steel connections.  Asymmetry of steel connections was observed in the test data 
when the maximum positive and negative moments were different.  In order to model the stiffness 
reduction and strength degradation, the authors adopted the same modifying functions as Foliente 
(1995).  The pinching effects are included in a non-linear function of the energy dissipated by the 
hysteretic component, in the form of a Gaussian density function, which is a bell shaped function.  The 
asymmetry is introduced by adding an offset to the original differential equation.  The authors also note 
that the strength, stiffness, and pinching properties of the connection can be different if the connection 
is being bent in the positive or negative bending; therefore, they use two differential equations with 
different parameters to predict the response of the connection in positive or negative bending.  The 
authors achieve good agreement with test data from previous research, and extend their work to study 
the behavior of three-dimensional buildings in seismic events. 
Liao, Wen and Foutch (2007) conducted a study that demonstrated the capability of the Bouc-
Wen hysteresis model to reproduce the moment-rotation behavior of semi-rigid connections, as well as 
successfully implementing the Bouc-Wen model in a three dimensional ABAQUS model.  Observing that 
most of the frame deformation occurs at the beam to column connection, the authors hypothesize that 
the non-linear deformation can be modeled as springs at the ends of the beams, using a Bouc-Wen 
spring formulated according to Wang and Wen (2000).  ABAQUS was used as the analysis platform since 
it provides a suite of elements for modeling the beams and columns, as well as allowing non-linear 
dynamic analysis that includes second order effects and large deformation analysis.  The Bouc-Wen 
model was implemented as a user subroutine that modified the system stiffness matrix, updated the 
member applied load vector, as well as updating the energy dissipated by the connection.  Analysis was 
performed on a 3 story, 5 bay by 5 bay building, using both pre- and post- Northridge connection 
models.  The interior 3 bays were special moment-resisting frames, while the exterior bays are gravity-
carrying frames only.  In addition to conducting a three dimensional analysis, the authors also conducted 
an equivalent two dimensional analysis.  Liao, Wen and Foutch (2007) successfully develop a hysteresis 
model that describes the moment-rotation behavior of beam to column connections, and implement it 
into a three dimensional ABAQUS model using a user subroutine. 
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Thus, Section 6.1 briefly introduces the historical development and also some applications of the 
Bouc-Wen model in engineering analysis problems, in the analysis of wood and steel structural systems.  
The following sections will provide details about the mathematical formulation of the Bouc-Wen model, 
as well as its application in modeling the top and seat angle connection with web angles. 
6.2.  The Bouc-Wen Differential Equation: An Overview 
The differential equation that comprises the Bouc-Wen model is described in Section 6.2.  The 
Bouc-Wen differential equation is a “first-order non-linear differential equation that relates the input 
displacement to the output restoring force in a hysteretic way” (Ismail, Ikhouane and Rodellar 2009).  
The input displacement can be either translation or rotation.  Consider a single-degree-of-freedom 
(SDOF) system governed by the equation of motion shown in Equation 5: 
 ( )( ) ( )mx cx x t f t+ +Φ =ɺɺ ɺ  (5) 
where  m  = mass of the system, 
 c  = damping of the system, 
 ( ) ( )x tΦ  = restoring force of the system, 
 ( )f t  = forcing function, and 
 x  = displacement of degree of freedom, dot indicates derivative with respect to time. 
 The parameter of interest in the present study is the restoring force function, ( ) ( )x tΦ .  The 
standard Bouc-Wen model separates the restoring force into a linear and a non-linear component, as 
given in Equation 6 (Ikhouane, Hurtado and Rodellar 2007): 
 ( ) ( ) ( ) ( ) ( )1BW x t kx t Dkz tα αΦ = + −  (6) 
where  α  = the ratio of elastic stiffness to inelastic stiffness ( )0 1α< < , 
  k  = elastic stiffness of the system ( )0k > , 
  D  = yield displacement (constant) ( )0D > , and 
  ( )z t  = non-dimensional variable modeling hysteresis. 
 The non-dimensional variable is governed by the first-order non-linear differential equation 
shown in Equation 7: 
 ( )11 n nz D Ax x z z x zβ γ−−= − −ɺ ɺ ɺɺ  (7) 
where  A, β, n and γ are parameters that govern the shape of the hysteresis loop. 
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 In order for the differential equation to behave in a physically consistent manner certain limits 
exist on the parameters A, β, n and γ.  For the system to be guaranteed thermally stable, such that 
energy is dissipated and not created, and to be assured that a bounded input gives bounded output, the 
following conditions have to be met (Ikhouane, Hurtado and Rodellar 2007): 
A > 0, β + γ > 0, and β - γ ≥ 0. 
 The hysteretic model, given in the above equations and subject to the above constraints, has 
been widely implemented to model hysteretic systems.  These basic equations are further modified to 
include the properties of stiffness reduction, strength degradation, and pinching. 
 In a study completed by Ikhouane, Hurtado and Rodellar (2007), it was found that the four 
shape parameters A, β, n and γ were redundant, implying that the same response could be obtained for 
different combinations of the parameters.  By assuming a value for one of the parameters, a unique 
combination of the other three parameters can be found.  Usually, the parameter A was set to unity.  
Ikhouane, Hurtado and Rodellar (2007) also proposed a normalized model with reformulated 
parameters that had more physical significance than the traditional Bouc-Wen model; however, the 
current study implements the traditional hysteretic model, since more literature is available for 
verification purposes. 
 The effect of each of the parameters on the shape of the hysteresis loop is illustrated briefly in 
the following figures.  The maximum value of the non-dimensional variable is a function of the shape 
parameters, according to Equation 8: 
 
1
n
u
A
z β γ
 
=  + 
 (8) 
 The parameters used for Figure 62, Figure 63, and Figure 64 were chosen such that the 
maximum hysteretic restoring force was a value of 1, as given in Equation 8, for the sake of comparison.  
A sinusoidal input of amplitude 3 was used to develop the following illustrative graphs.  The parameters 
were also chosen to model a thermally stable system, according to the limits stated previously for the 
parameters in Equation 7.  Figure 62 shows the variation of the hysteresis loop as the parameter n is 
varied.  n influences the sharpness of the transition from elastic to plastic behavior.  In the limit as n 
approaches infinity, the hysteresis loop approaches the elastic perfectly-plastic shape.  The increasing 
sharpness of the yield point can clearly be observed in Figure 62.  Figure 63 shows the different shaped 
loops that can be obtained as the values of β and γ are varied with respect to each other, while A  and n 
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are held constant at unity.  The values were chosen such that the sum of β and γ was unity, but it can be 
observed that the fatness of the hysteresis loop increases as the difference between β and γ increases. 
 
Figure 62. Hysteresis as a function of parameter n 
 
 
Figure 63. Hysteresis as a function of parameters β and γ 
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 Figure 64 shows the variation of the hysteresis loop as the parameters A, β, and γ are adjusted.  
The value of A is increased, while β and γ are selected to be equal to each other, with a sum equal to A, 
so that the ultimate value of the hysteretic restoring force remains unity, according to Equation 8.  
Figure 64 shows that the slope of the hysteresis loop increases as the value of parameter A  increases.  
Figure 62, Figure 63, and Figure 64 clearly indicate that several hysteresis loops of interest can be 
generated by choosing appropriate combinations of the parameters A, β, n and γ. 
 
Figure 64. Hysteresis as a function of parameter A 
 Section 6.2 has described in detail the Bouc-Wen model that will be implemented in the 
following sections as the phenomenological model for the hysteretic moment-rotation characteristics of 
the semi-rigid bolted connection.  The form of the Bouc-Wen equation is introduced and the terms are 
defined.  Examples of the variation of the hysteresis loops with the parameters are illustrated.  The 
modifications to the differential equation required for modeling stiffness reduction, strength 
degradation, and pinching will be described in the next section. 
6.3.  Introduction of Stiffness Reduction, Strength Degradation, and Pinching 
Section 6.3 describes the implementation of stiffness reduction, strength degradation, and 
pinching effects in the Bouc-Wen model by adding functions that vary as hysteretic energy is dissipated.  
As more energy is dissipated, these functions increase in such a way that the stiffness or strength is 
-3 -2 -1 0 1 2 3
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
n = 1
Displacement, x
Hy
st
er
et
ic
 
Re
st
o
rin
g 
Fo
rc
e,
 
z
 
 
A = 1, β = 0.5, γ = 0.5
A = 2, β = 1, γ = 1
A = 3, β = 1.5, γ = 1.5
134 
 
reduced and pinching of the hysteretic loop becomes more severe.  In the formulation explained below, 
the stiffness and strength increase linearly with the dissipated energy.  The pinching function varies as 
an exponential function of the energy.  Therefore, the stiffness reduction, strength degradation, and 
pinching effects of the hysteretic loop are implemented as a function dissipated energy. 
The stiffness reduction and strength degradation modification to the Bouc-Wen model was 
introduced by Baber and Wen (1981).  The standard Bouc-Wen is modified by adding new parameters to 
Equation 7, as shown in Equation 9: 
 ( )11 n nz Ax x z z x zD υ β γη − = − + ɺ ɺ ɺɺ   (9) 
where:  η  = stiffness reducing term, and 
υ  = strength reducing term. 
In the formulation of Baber and Wen (1981) the stiffness and strength reducing terms were 
allowed to vary with the total energy dissipated by the hysteretic function.  The dissipated energy is 
given by Equation 10: 
 
0
t
T wk zu dε τ= ∫ ɺ  (10) 
In some studies, such as that by Ma et al. (2004), the energy dissipation is substituted with 
Equation 11, which is proportional to Equation 10: 
 
0
t
zu dε τ= ∫ ɺ  (11) 
Then the stiffness and strength reducing terms are usually allowed to vary linearly with the 
dissipated energy, although any variation is possible, as long as it has physical significance.  The linear 
variation was implemented as in Equations 12 and 13: 
 0 Tηη η δ ε= +  (12) 
 0 Tυυ υ δ ε= +  (13) 
where  0η , 0υ  = initial values, unity if no initial degradation is modeled, and 
  ηδ , υδ  = degradation parameters, zero if no degradation is modeled. 
Having modified the Bouc-Wen model to include stiffness and strength degradation, the model 
can be implemented to demonstrate the capacity to model systems with stiffness and strength 
degrading properties.  A sinusoidal input with maximum displacement value of 3 was again used to 
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derive the graphs for illustration of the stiffness and strength degrading properties of the Bouc-Wen 
hysteresis model.  Figure 65 shows the strength effect of the strength reducing term, which causes a 
reduction in the ultimate hysteretic restoring force that can be reached, as the energy dissipated by the 
hysteresis increases.  Figure 66 shows how the slope of the hysteresis diagram reduces as the υ  term 
grows with increasing energy dissipation.   
 
Figure 65. Introduction of strength reducing term 
 Therefore, Figure 65 and Figure 66 show that the Bouc-Wen model can model systems that 
undergo stiffness and strength degradation as hysteretic energy is dissipated.  The stiffness and strength 
degrading parameters could vary with parameters other than energy, but the energy dissipated by the 
hysteresis loop is a good measure of the damage sustained by the system and the consequent 
degradation in stiffness and strength. 
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Figure 66. Introduction of stiffness reducing term 
 The modifications to the Bouc-Wen hysteresis model thus far allow for the modeling of 
hysteretic systems that have strength and stiffness degrading properties, which vary as a function of 
dissipated energy.  The semi-rigid connections being modeled in the current study also show 
considerable slip characteristics, which appears as pinching of the hysteresis diagram.  A pinching model 
is developed by Foliente (1995), which is a modification of the pinching models introduced before 
(Baber and Noori 1985; Baber and Noori 1986).  A slip lock element is added in series with the hysteretic 
element.  The slip lock element reaches a maximum value in the region of zero displacement, and then 
reduces to zero at the extremes of the displacement, resulting in a pinched appearance in the hysteresis 
diagram.  The hysteresis model is modified as shown in Equation 14: 
 ( )
( )( )1n nAx x z z x z
z h z
ν β γ
η
− 
− + 
=  
  
ɺ ɺ ɺ
ɺ
 (14) 
In this formulation, ( )h z  models the pinching behavior.  ( )h z  is taken as shown in Equation 15: 
 ( ) ( )( )
2 2
2sgn /
11.0
uz x qzh z e
ζζ  − −  = − ɺ
 (15)
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This pinching function will approach a small value when z is near zero and reaches a minimum at 
uqz , a fraction of  the maximum hysteretic restoring force.  Then ( )h z  will approach unity as the 
hysteretic restoring force, z, increases, allowing the system to return to its normal stiffness path.  There 
is no pinching during unloading with this formulation.  The parameters defined in the pinching function 
are given by the following equations.  q  is a constant value that controls the pinching level as a fraction 
of uz , allowing control of pinching initiation. 
The ultimate value of the hysteretic restoring force is modified slightly from its previous 
definition in Equation 8, due to the presence of the strength reducing function, which operates by 
directly reducing the magnitude of the hysteretic restoring force.  The ultimate value is modified as 
shown in Equation 16:
  
 ( )
1
n
u
A
z
υ β γ
 
=  
+   (16) 
The two other parameters in Equation 15 are 1ζ  and 2ζ , which control the severity of pinching 
and the spread of the pinching region, respectively.  1ζ  and 2ζ  vary non-linearly with the dissipated 
energy according to Equations 17 and 18: 
 
( ) ( )
01 1
1.0 pe εζ ε ζ − = −   (17) 
 ( ) ( ) ( )2 0 1ψζ ε ψ δ ε λ ζ= + +
 (18) 
The parameters are defined in Foliente (1995) and Ma et al. (2004) as follows.  p  is a constant 
that controls the pinching slope.  
01
ζ  is a measure of total slip.  0ψ  contributes to the pinching 
magnitude while ψδ  controls the rate of pinching.  λ  influences the rate of change of 2ζ  as 1ζ  
changes, and controls the pinching severity due to the interaction of the two parameters. 
Implementing the pinching capabilities of the Bouc-Wen model is the final step in developing a 
model that is able to effectively model strength and stiffness degradation and pinching properties.  To 
illustrate the combined model, with pinching, stiffness, and strength degradation, one of the hysteresis 
loops from Foliente (1995) is reproduced and studied.  The figure is reproduced in Figure 67, and models 
a connection with a yielding bolt. 
 Figure 67. Non-dimensional hysteresis loop of wood connection with yielding bolt 
 The model parameters given by 
2.0, γ = -1.0, n = 1, q = 0, 
01
ζ
0.025ηδ = .  According to the parameters, pinching and stiffness degradation are considered, but 
strength reduction is not considered, since 
amplitude, Figure 67 is reproduced using the implementation for the current study.  Note that the 
hysteretic energy is considered according to Equation 11.  
implementation developed in this study.  The match between 
nearly exact, with the differences in the occurrence of some of the peaks probably occurring due to 
differences in the input motion.  The effect of the pinching can be seen when the pinching function is set 
to unity, turning off the pinching effects.  The effectiveness of the pinching function is shown in 
69, where the pinching function is toggled on and off.  As expected, there is no influence of pinching 
during the unloading, but significant pinching can be introduced during the loading cycle.
138 
Foliente (1995) to produce Figure 67 are given as follows.  
0.98= , 0.10λ = , p = 2.0, 0 0.20ψ = , 0.004ψδ =
0.0υδ = .  Using a sinusoidal input motion with increasing 
Figure 68 shows the reproduction using the 
Figure 67 and Figure 
 
(Foliente 1995) 
β = 
, 0.0υδ = , and 
68 appears to be 
Figure 
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Figure 68. Reproduction of hysteresis loop for wood connection with yielding bolt 
 
 
Figure 69. Effect of pinching: hysteresis loop with pinching function turned on and off 
The Bouc-Wen hysteresis model described in Section 6.3 can model strength and stiffness 
degradation, as well as pinching of the hysteresis loop caused by connection slip.  Some authors have 
further modified the Bouc-Wen model to show hysteresis characteristics of interest in each unique 
study.  For example, some hysteresis loops are asymmetric, so Song and Kiureghian (2006) and Dobson 
et al. (1997) modified the governing differential equation to include an offset.  In studying the seismic 
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behavior of low rise steel buildings during the Northridge Earthquake, Wang and Wen (2000) noted that 
the hysteretic behavior of connections with slabs is very non-symmetric.  Therefore, they used two 
Bouc-Wen models with different parameters to model the hysteresis in the positive moment or negative 
moment regions of the hysteresis diagram.  The Bouc-Wen hysteresis model is flexible in modeling a 
wide variety of cyclic systems, even beyond the stiffness and strength degrading systems with pinching 
hysteresis loops developed in this section.  The following sections will describe how the Bouc-Wen 
model was implemented and validate the model against available literature. 
6.4.  Validation of Simulink Model with Literature 
The implementation and validation of the Bouc-Wen hysteresis model is described and 
illustrated in Section 6.4.  The model was implemented using the software platform MATLAB, and the 
associated software package SIMULINK.  The model was validated using the work of Foliente (1995), 
who was the main source of the model.  In the paper, Foliente (1995) describes the behavior of one of 
the Bouc-Wen hysteretic models during a seismic event, showing the behavior of the system in detail.  
Because of the detail in which the seismic behavior is described, it provides an ideal benchmark for 
checking the accuracy of the model implementation in the current work.  The implementation of the 
model will be described first, and then the validation of the model will be shown. 
The software platform SIMULINK, developed by MathWorks, provides a graphical programming 
environment with predefined functions that allow for easy manipulation of the differential equations 
involved in the implementation of the Bouc-Wen model.  The main features of the SIMULINK model is 
that it includes a differential equation solving block that solves the hysteresis equation given in Equation 
14.  There is also a block that integrates the energy of the system as the simulation progresses, 
according to Equations 10 or 11.  The remaining equations are easily implemented in the flow chart in 
the sequence required, so that the SIMULINK model can run through the simulation.  The input to the 
Bouc-Wen model is either directly provided through a sinusoidal function and its derivative, or the Bouc-
Wen model can receive displacement and velocity data from another block that solves the equation of 
motion of a system in time and feeds back the resulting restoring force from the hysteretic element.  In 
this case, the equation of motion is usually being excited by a seismic event, given in terms of 
acceleration data. 
The implementation of the Bouc-Wen model was validated with numerical results reported by 
Foliente (1995).  The pinching function used in this report was developed by Foliente (1995).  Foliente 
(1995) applies the Bouc-Wen hysteresis model shown in Figure 68 to a SDOF system, with a natural 
frequency of 3.0 rad/s and damping that is 5% of the critical damping.  The ratio of elastic to plastic 
 stiffness is 0.35.  Thus, 0 3.0ω =  rad/s, 
β = 2.0, γ = -1.0, n = 1, q = 0, ζ
0.025ηδ = .  The input to the system is the earthquake acceleration given by the 1989 Loma Prieta 
acceleration record, with a PGA = 0.66 g.  
the simulation.  Subplot (a) shows the acceleration record used from Loma Prieta.  Subplot (b) shows the 
hysteresis loop resulting from the Bouc
system under the excitation, while Subplot (d) shows the energy dissipated by the Bouc
during the simulation. 
Figure 70. Seismic analysis with Bouc
Figure 70 provides a good benchmark for validating that the Bouc
correctly, because it shows several diverse results from the simulation.  The energy dissipation is a 
particularly effective means to check that the implementation is correct
implementation of the current study, which reproduces the results from 
which Figure 71 reproduces Figure 
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0 0.05ξ = , and 0 .3 5α =  while the Bouc-Wen parameters are 
01
0.98= , 0.10λ = , p = 2.0, 0 0.20ψ = , 0.004ψδ =
Figure 70 shows the results from Foliente (1995)
-Wen model.  Subplot (c) shows the displacement of the SDOF 
-Wen model (Foliente 1995) 
-Wen model was implemented 
.  Figure 71 is the result from the 
Figure 70.  The accuracy with 
70 validates the implementation of the model undertaken in this 
, 0.0υδ = , and 
 after running 
-Wen model 
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study.  Therefore, the implementation of the Bouc-Wen model is accurately reproducing the expected 
hysteretic behavior of the benchmark SDOF system, and can be used to model the experimental 
hysteretic loops. 
 
Figure 71. Verification that implemented model reproduces previous simulation results 
  Section 6.4 has briefly discussed the implementation of the Bouc-Wen model in a SIMULINK 
model.  The implementation of the model was verified by reproducing simulation results from one of 
the papers that was the source of the model. 
6.5.  Calibration to Fit Moment-Rotation Data 
The validated Bouc-Wen model with strength degradation, stiffness degradation, and pinching 
can now be used to reproduce analytically the experimentally derived moment-rotation hysteresis loops 
of bolted top and seat angles with web angles.  Section 6.5 describes and presents the fitted analytical 
Bouc-Wen model, as well as applying the analytical model to the hybrid simulation rotational data, to 
check the accuracy of the model in reproducing the hysteretic loop resulting from the seismic event.  
First, the methodology for finding the parameters of the Bouc-Wen model is described, using the cyclic 
hysteresis loop shown in Figure 61.  The second part will apply the derived Bouc-Wen to the hybrid 
simulation to reproduce Figure 60, the moment-rotation loop found from the hybrid simulation.  The 
experimentally derived hysteresis loop was adjusted so that a symmetric hysteresis loop could be used 
for calibrating the Bouc-Wen model. 
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The parameters of the Bouc-Wen model are unknown, although Foliente (1995) does provide 
some expected ranges for wood connections.  The first parameters considered were the stiffness and 
displacement of the model, k  and D, which can be estimated from the experimental data.  The initial 
slope of the moment-rotation diagram is approximately 157,000 k ink
rad
−
= , while the maximum 
rotation during the cyclic testing was D = 0.048 rad.  After determining the initial stiffness and 
maximum displacement from the experimental data, the other parameters were found by running 
multiple simulations to determine the trend of a given parameter, and adjusting it until the best fit to 
the experimental data was observed.  First, the basic shape control parameters were found such that a 
hysteresis loop that enclosed the experimental data was found.   Figure 72 shows the hysteresis loop 
after finding the optimal shape parameters, with α = 0, β = 4.0, γ = -0.4, A = 1.0, and n = 1.  Figure 72 is 
the hysteresis loop prior to introducing any pinching, strength, or stiffness reduction terms. 
 
Figure 72. Bouc-Wen model after finding optimal shape parameters 
After determining the basic shape parameters, the stiffness and strength degradation and 
pinching parameters can be used to refine the shape of the analytical hysteresis loop.  The degradation 
terms all depend upon a measure of the damage sustained by the connection, in the formulation of 
Foliente (1995) considered to be proportional to the energy dissipated by the connection.  In the case of 
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the present formulation, the function shown in Equation 19 was found to provide the appropriate 
damage index for the present connection.  Equation 19 is proportional to the energy dissipated by the 
connection.   
 
0
225
t
zu dε τ= ∫ ɺ  (19) 
Using the iteration method described above, the following stiffness and strength degradation 
and pinching terms were determined.  The strength degradation term was taken to be 0.0νδ = , so 
there was no strength degradation considered in this analytical model.  The stiffness degradation term 
was taken to be 0.01νδ = , so some stiffness degradation was considered.  The slip terms were found 
to be q = 0.4, 
01
0.92ζ = , 0λ = , p = 3, 0 0.01ψ = , 0.005ψδ = .  Figure 73 compares the resulting 
analytical hysteresis loop to the experimentally measured moment-rotation data. 
 
Figure 73. Comparison of experimental results to Bouc-Wen model 
 The agreement between the analytically derived moment-rotation loop and the experimental 
results seems to be very good.  The slope of the analytical model matches the experimental results very 
well, and the pinching characteristics are well approximated by the Bouc-Wen model.  The resulting 
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Bouc-Wen model can now be used as a spring, which returns a restoring moment, given a displacement 
and velocity (in units of rotation). 
The calibrated Bouc-Wen model is next used to reproduce the moment-rotation diagrams from 
the hybrid simulation.  The relative rotation history of the connection during the hybrid simulation was 
measured during the experiment, and is shown in Figure 74.  Using Figure 74 as the input for the 
analytical hysteresis model, the moment-rotation diagram shown in Figure 75 resulted from the 
analytical hysteresis model.  The experimentally derived moment-rotation diagram is also shown in 
Figure 75.  The agreement between the experimental results and the Bouc-Wen model appears to be 
excellent.  The Bouc-Wen model does not model the discrete slips at individual steps, but it does follow 
the trend of pinching quite well, incorporating the effects of slip in an averaged manner.  In general, the 
fit between the Bouc-Wen model and the experimental results appears to be excellent. 
 
Figure 74. Measured relative rotation during earthquake simulation 
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Figure 75. Comparison of derived Bouc-Wen model to experimental results from hybrid simulation 
 Section 6.5 has described the calibration procedure for fitting the analytical Bouc-Wen model to 
the experimental results.  First, the Bouc-Wen model parameters were determined by trial and error to 
fit to the cyclic moment-rotation diagram measured experimentally.  Then the Bouc-Wen model was 
used to generate a predicted moment-rotation diagram for the connection during the hybrid simulation, 
given the relative rotation history of the connection.  The agreement between the experimentally 
measured hysteresis loop and the analytical prediction appears to be excellent indicating that the Bouc-
Wen model derived in this section could be an appropriate model for the hysteretic behavior of bolted 
top and seat angles with web angle connections. 
6.6.  Summary of analytical modeling 
The Bouc-Wen model can reproduce a smooth hysteresis loop that includes stiffness and 
strength degradation properties, as well as pinching of the hysteresis loop due to slip of the connected 
elements.  Section 6.1 provided an overview of the development of the Bouc-Wen hysteresis model, as 
well as some practical engineering applications of the model.  Then the mathematical formulation of the 
Bouc-Wen model was introduced in Section 6.2, defining the constants involved in the formulation.  
Several figures were shown that illustrated the variation of the hysteresis loop produced by the Bouc-
Wen model as the shape parameters were adjusted.  The versatility of the hysteresis loops produced by 
-0.035 -0.03 -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015
-2000
-1500
-1000
-500
0
500
1000
1500
2000
Relative Rotation, θ (rad)
M
o
m
en
t, 
M
 
(k-
in
)
 
 
Bouc-Wen Fit
Experimental
147 
 
the Bouc-Wen model indicates that it can be well applied to a variety of hysteretic loops.  The 
modifications to the differential equation that produce stiffness and strength degradation and pinching 
of the hysteresis loops were presented in Section 6.3, and illustrated by figures showing stiffness and 
strength degradation and pinched hysteresis loops.  Section 6.4 briefly discussed the implementation of 
the Bouc-Wen model in SIMULINK, and presented fits between the implemented model and results from 
literature that indicated that the model had been implemented correctly.  Finally, Section 6.5 described 
the iterative scheme adopted to converge on the Bouc-Wen parameters that produced a good fit 
between the experimental hysteresis loops from the cyclic testing.  Then the recorded relative rotation 
between the beam and the column, recorded during the hybrid simulation, was used as input for the 
fitted Bouc-Wen model, producing a good fit between the analytical prediction and experimental 
results.  The good fit indicates that the Bouc-Wen model could be used to predict the moment-rotation 
response of the connection under a variety of relative rotation input motions.  Therefore, Chapter 6 
introduced the Bouc-Wen hysteresis model and showed some modifications required so that a 
hysteresis model was constructed that reproduces the moment-rotation histories of the experimental 
results and offers the opportunity for further analysis of the semi-rigid connection. 
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7. CONCLUSIONS AND FUTURE STUDIES 
Chapter 7 provides a brief summary of the key conclusions that can be drawn from the hybrid 
simulation study.  A few areas of further study are also suggested. 
7.1.  Seismic Behavior of Semi-Rigid Frame 
The current study has provided a detailed summary of a hybrid simulation of semi-rigid steel 
frames, simulating the response of a real full-scale steel frame during a seismic event.  A few key 
conclusions can be drawn from the hybrid simulation study. 
A successful full-scale hybrid simulation was conducted to study the behavior of a planar semi-
rigid frame during a seismic event.  The hybrid simulation united a detailed finite element model of a 
planar frame with a full-scale experimental specimen, predicting how the frame would behave during a 
real seismic event.  The use of both analytical and experimental techniques simultaneously to study the 
frame behavior harnesses the economy of analytical studies, while also capturing real experimental data 
that can be used to validate the analytical model.  From the analytical results, time history data related 
to the story drifts of each floor of the structure were measured.  The maximum displacement observed 
at the top story was 7.13 inches, while the maximum displacement on the first floor was 2.77 inches.  
Also, the variation of the base shear with time was measured, with a maximum base shear of 203 kips.  
The experimental results gave moment-rotation data from the connection, showing a stable and ductile 
hysteresis loop that dissipated energy.  The hybrid simulation showed that the semi-rigid frame 
appeared to behave in a ductile fashion during the seismic event, yielding the angles during the 
earthquake, but deforming inelastically after yielding and dissipating energy. 
The failure modes of the welded-flange bolted-web connection detail used in the Northridge 
Earthquake showed unexpected and unacceptable brittle fracture of the connecting elements.  The 
current study set out to verify that the top and seat angle with double web angles connection avoided 
any brittle failure modes.  According to the literature, common failure modes of bolted connections are 
either ductile yielding of the steel plates, or bolt fracture.  In the current test, the connection was 
detailed so that bolt fracture was not expected, and ductile yielding of the angles was observed.  The 
connection developed a relative rotation of 0.048 radians, exceeding the desired value of 0.03 radians.  
The connection could have rotated further, but cyclic testing was stopped before achieving a failure 
mechanism in the connection, either cracking in the plates or bolt fracture.  Thus, the top and seat angle 
with double web angles connection performed in a very ductile fashion under demanding cyclic 
loadings. 
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A phenomenological model of the semi-rigid connection was developed and fitted to the 
experimental data.  The model used a differential equation called the Bouc-Wen model that can model 
smooth hysteresis curves.  The model was implemented with stiffness reducing, strength degrading, and 
pinching capabilities, allowing for accurate modeling of the experimentally derived moment-rotation 
data.  After fitting the model to the cyclic moment-rotation data, the model was used to reproduce the 
hysteresis loop measured during the hybrid simulation experiment, showing good agreement between 
the experimental moment-rotation curve and the predicted curve from the model.  The 
phenomenological model offers a versatile model of the moment-rotation diagram, which can be used 
to predict the response of the connection to a variety of input motions. 
7.2.  Future studies 
Further study into the behavior of semi-rigid frames during seismic events is required before 
definitive recommendations can be made about using semi-rigid frames in regions with high seismic risk.  
Further study can be continued in two key areas.  The first is more hybrid simulations that study the 
behavior of semi-rigid steel frames during a variety of seismic events.  The second is analytical dynamic 
time history analysis of plane frame structures, also under a variety of seismic events. 
To better understand the adequacy of semi-rigid frames during seismic events, further hybrid 
simulation studies should be conducted.  The studies could explore the behavior of the same semi-rigid 
frame during a variety of seismic events, or it could explore the behavior of a variety of semi-rigid 
frames to the same seismic event.  These hybrid simulation studies would increase the understanding of 
the performance of semi-rigid frames during seismic events.  The variation of base shear and interstory 
drift as a function of the structural stiffness could be studied and a more complete understanding of the 
failure mechanisms of the connections could be gathered.  Further hybrid simulation study of various 
semi-rigid frames under different seismic loads would give a deeper understanding of the relationship 
between the capacity of semi-rigid frames and the demand of seismic events. 
Dynamic time history analysis of a planar steel frame could also be conducted, implementing the 
phenomenological model developed in the current study as a spring in a finite element analysis package.  
If the phenomenological model was used as a rotational spring connecting the beam and the column, an 
accurate dynamic planar frame analysis could be conducted.  Such an implementation would provide 
predicted hysteresis loops, base shears, and interstory drift values for a variety of input motions.  Thus, 
the behavior of a planar frame with the connection type considered in the current study could be 
analyzed through dynamic time history analysis.  
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